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ABSTRACT

The cold atmospheric pressure plasma (CAPP) technique has been
recognized in medical fields to bring a new innovative approach in biomedical
applications such a contaminated wound healing enhancement as well as relieving the
patient’s pain without side effects. Contaminated wounds are a major health problem
in many countries. Factors of patient health problems are such as diabetes,
contaminated wounds, bacteria as well as others. The patients endures pain and
requires long treatment periods using antibiotics or other therapies. Moreover, using
antibiotics for a long period of time bacterial resistance occurs, such as methicillin-
resistant Staphylococcus aureus (MRSA). Bacteria have the ability to develop
resistance to antibiotics faster than one can develop new drugs. This being the main
problem in contaminated wound healing. In this study, the dielectric barrier discharge
plasma jet (DBDJ) was used for bactericidal and treated the Primary Human Dermal
Fibroblasts Adult (HDFa) cells to study the side effect of DBDJ. This DBDJ is driven by
high voltage dc pulse at 20 kHz and using 1 L/min of helium (He) as plasma gas. The
DBDJ plasma varied the plasma dissipated power from 0.27 W to 0.50 W and the
exposure time 15 s to 60 s. Plasma radical species were utilized by using an optical
emission spectroscopy (OES). The results of the OES study found NO and OH radical
groups, which play an important role in bactericidal and contaminated wound healing.
The increase of radical plasma density depends on the plasma dissipated power. The

Colony Forming unit (CFU) method was used to monitor the efficiency of bacteria



killing. Staphylococcus aureus (S. aureus) and Pseudomonas aeruginosa  (P.
aeruginosa) were used in the vitro bacteria killing test. The results showed that the
plasma dissipated power and exposure time were major factors in bactericidal. When
increasing the plasma dissipated power to 0.50 W and exposure time to 60 s, the effect
of bacteria killing increased to 100%. Therefore, this condition was choosing to study
the effect of plasma on bacteria biofilm and HDFa cells. The result from fluorescent
images by live/dead assay showed that DBDJ had high efficiency to removed biofilm.
Studying the effects of DBDJ on HDFa cells using optical microscopes, live/dead assay
and Muse Cell Analyzer with the Muse Count & Viability Assay Kit and Muse Annexin V
and Dead Cell Assay Kit, the result showed the DBDJ being highly efficient for
bactericidal as well as not having any side effects on HDFa cells under the same
conditions. Therefore, the DBDJ at plasma dissipated power 0.50 W and exposure time
60 s has a high efficiency to kill bacteria, destroy bacteria biofilm by without damage
cell and also without side effect to cell viability, apoptosis and death of HDFa cells as

in vitro is essential for clinical use.

Keywords :  Dielectric Barrier Discharge Plasma Jet, Human Dermal Fibroblasts adult
cells, Bactericidal, Wound Healing, Bacterial Biofilms, Contaminated

Wounds
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CHAPTER 1
INTRODUCTION

1.1 Background

In recent years, the over-prescription and incorrect use of antibiotics has led to
a rise of bacterial resistant to antibiotic. Antibiotic resistance in bacteria is a major
problem and is on the rise worldwide, making some previously treatable infections
incurable or even life-threatening. Bacteria are prokaryotic micro-organisms which have
great adaptability to changing environments. Bacteria is the main cause of illnesses,
wound infections, contaminated wound, meningitis, pneumonia etc. Bacteria can be
divided into two groups according to the cell wall structure. Gram-positive bacteria
have a relative thick peptidoglycan (20 to 80 nm) cell wall, while gram-negative
bacteria have a thinner peptidoglycan (< 10 nm) cell wall (Lin et al,, 2016; Mai-
Prochnow et al., 2016). The difference of bacterial cell wall leads to different properties
to the cell, especially the cell responses to external stressors such as heat, UV radiation
and also antibiotics. One of the gram-positive bacterial strains is Staphylococcus aureus
(S. aureus) and one gram-negative bacterial strains is Pseudomonas aeruginosa (P.
aeruginosa). These strains are causing public health concerns in postsurgical patients.
The S. aureus, P. aeruginosa and methicillin-resistant Staphylococcus aureus (MRSA)
are the most commonly identified bacterium in wounds (Mohd Nasir et al., 2016).
Therefore, there is a growing need for the discovery and development of new
antibacterial methods of sterilization. Preferably these methods should be easy to use,
be cost effective, have low toxicity and no resistance from bacteria (Mai-Prochnow et
al., 2015). One of those techniques is cold atmospheric pressure plasma treatment
(CAPP). CAPP was widely studied and reported to have high efficiency to eradicate a
wide range of pathogens such as fungi, viruses and bacteria. The CAPP sources have
been operated at an excitation frequency, either in the several tens of kilohertz ac
range or in the radio frequency (RF) range. Various factors including temperature,
charged particle, ion and radical species can be manipulated to find suitable

conditions. Therefore, it is important to understand the basics of physical and chemical



properties in plasma, such as power deposition and consumption, electromagnetic,
electrical characteristics, optical emission spectrum, gas temperature and other
parameter in plasma (Kim et al., 2009).

In this study, effects of plasma radicals on S. aureus, P. aeruginosa, bacteria
biofilm and Primary Human Dermal Fibroblasts adult (HDFa) cells were investigated for

contaminated wound healing model as in vitro.

1.1.1 Atmospheric pressure plasma (APP)

When more energy or heat is added to atoms or molecules, they turn to
be ionized. An electron may gain enough energy to escape from an atom. After the
escape of electron, atoms turn into ions. In adequately heated, energy to gas,
ionization happens many times, creating clouds of ions and free electrons. This ionized
gas mixture comprises of ions, electrons and neutral atoms, called “Plasma”. Plasma
is the fourth state of matter.

Among the many distinctions between different kinds of plasmas, one is
between thermal plasma and non-thermal plasma. Within thermal plasmas the
electrons and the ions have the same energy. Non-thermal plasma gains its reactivity
from the high energy electrons, while the ions and neutral species remain near room
temperature (von Woedtke et al., 2013). Example of thermal plasma are sun and laser
fusion plasma. Non-thermal plasma divides two kinds, vacuum pressure plasma or low-
pressure plasma and atmospheric pressure plasma. APP is generated by applying an
electrical field to a neutral gas or gas mixture. Low-pressure plasma is such as arc
plasma, plasma torch, metal vapor vacuum arc and filtered cathodic vacuum arc. APP
is such as dielectric barrier discharge (DBD), corona plasma, plasma effluent

downstream and plasma jets.

1.1.2 Plasma medicine
Plasma medicine is a new way of plasma application. Physical plasmas are
excited ionized gases, which contain different concentrations of low molecular reactive
atoms, ions and molecules and emit several kinds of electromagnetic radiation

including infrared, visible and ultraviolet (UV) light which are generated by energy



supplied to a neutral gas. Non-thermal plasma or low-temperature plasma (LTP)
attributes are mostly technical ones whose composition and temperature are
adjustable in a wide range by parameters like type of energy source, power of
generator, type of gas, pressure of gas, rate of gas flow and composition. In most cases
CAPP technical applications are generated by applying an electrical field to a neutral
gas or gas mixture (von Woedtke et al., 2013).

In earlier stages, direct plasma applications on living cell in electro-surgery
were based on very harsh interactions of plasma with cells and tissue leading finally
to cellular eradication and local “sealing” of tissue. The new research field of plasma
medicine considers the advantages and effects of LTP or CAP techniques, with much
more differentiated interaction of specific plasma components and specific structural
elements along with functionalities of living cells which can probably lead either to
stimulation or inhibition of cellular function (Figure 1) (von Woedtke et al., 2013).

In CAPP sources, the main reactive components will consist of reactive
neutral species such as reactive oxygen and nitrogen species and are called “reactive
oxygen-nitrogen species (RONS)”, UV-radiation and electrical field. In some cases,

charged species and electromagnetic fields may also play a role.
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Figure 1 The plasma applications on living tissue (von Woedtke et al., 2013).



About 1% of the population in developed nations suffer from contaminated
wounds (Etufugh and Phillips, 2007). Contaminated wounds may result from venous
diseases, arterial diseases, diabetes mellitus, pyoderma gangrenosum, carcinoma and
other factors. As the population ages, this occurrence is likely to increase. CAPP may
help with the treatment though it is unlikely that plasmas will “heal” the underlying
disease, The eliminating of bacterial and fungal infections by plasmas may well reduce
the suffering, support the treatment and accelerate the recovery (Kong et al., 2009). In
recent year, CAPP has shown potential to bactericidal and optimize wound healing
process by RONS, free radicals, charge particles and ion in plasma.

It is interesting to note that physical plasma has been coined by Irving
Langmuir. In repeating the characteristics of ionic liquids extensively in biology and
medicine they are like the characteristics of ionized gas. Despite this historical
connection, applications of plasma in medicine has not been explored until recently
(Laroussi et al., 2003). This situation will surely change and in this research DBDJ were
used to effectively treat bactericidal and bacteria biofilm without damaging HDFa cells

in vitro.

1.2 Objectives

1.2.1 Optimize condition of dielectric barrier discharge plasma jet (DBDJ) for
bactericidal as in vitro.

1.2.2 Dielectric barrier discharge plasma jet (DBDJ) for eradicated bacteria,
bacterial biofilm and without side effect to Primary Human Dermal Fibroblasts adult

(HDFa) cells as in vitro.

1.3 Expectation

The optimum condition of dielectric barrier discharge plasma jet (DBDJ) in killing
bacteria, destroying bacterial biofilm by without damage cell and also without side
effect to cell viability, apoptosis and death of HDFa cells as in vitro is essential for

clinical use.



CHAPTER 2
THEORY AND LITERATURE REVIEW

2.1 Plasma

The first time the term “plasma” for an ionized gas was presented in 1927 by
Irving Langmuir (1881-1957) (Mott-Smith, 1971). The American chemist, who won the
Nobel Prize in 1932, studied electric discharges and their fluid characteristics at General
Electric Research and Development Center. Natural plasma phenomena on earth such
as lightning and the aurora borealis, a diffuse light displayed in the sky close to the
polar circles, when the magnetosphere collide with atoms in the air by high energy
charged particles initiated from solar wind.

Plasma refers to an “ionized gas,” in which approximately electrons and ions
are of equal numbers. It has macroscopic viewpoint of an electrically neutral state.
The electron density (n,) and ion density (n;) are extremely equal, and relative to the
plasma density. Because within plasma electrons can move freely and have a
conductive property. When applied radiofrequency (RF) power to a couple of
electrodes in an etch chamber, electric fields are generated by the RF power and
electrons are accelerated, acquire kinetic energy, and collide with atoms and
molecules (Figure 2a). If the electron kinetic energy is greater than the ionization
energy, the electron in the valence band are ejected from the atom or molecule.
Therefore, the neutral atom or the molecule change to ion (Figure 2b). However, the
ejected electron from the molecule or the atom, adds to the first colliding electron
and hence makes a total of two electrons. These electrons under the electric field are
accelerated, collide with other atoms and molecules, and new ions and electrons are
generated. The number of ions and electrons increased as in an avalanche and finally
exceed a threshold level over which a resulting discharge begins and thus creates a

plasma (Nojiri, 2015). This mechanism shows in Figure 3.
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Figure 2 The collision of electrons and neutral atoms generate ion (Nojiri, 2015).
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Figure 3 Principle of gas discharge (Nojiri, 2015).

The plasma classification is a completely ionized plasma, in which electrons
and ions are ionized 100%, and a weakly ionized plasma with lower degree of
ionization and hence a mixture of ions, electrons and where neutral atoms and
molecules coexist. Glow discharge plasma is a weakly ionized plasma and consists of
the same numbers of positive and negative charges, including electrically neutral
atoms and molecules. Figure 3 shows a model of glow discharge plasma. In glow
discharge plasma the degree of ionization is in the order of 10°~107*. In other words,
the degree of ionization is around 1 in 10,000 at most. Most of the particles are neutral
and contains only one ion and electron for every 10,000 neutral particles.
Consequently, it is called a weakly ionized plasma. At a pressure of 13.3 Pa (100 mTorr)

the number of gas molecules is around 3.5 x 10> cm™ and the plasma density at an



ionization degree of 107 is 3.5 x 10" cm™. In the glow discharge plasma, the plasma

density is within a range of 107" cm™ (Nojiri, 2015).

lonization Degree : 10°6-107*
Plasma Density : 10°-10'2 cm™3

@ Positive lons & Electrons @ Neutral Atoms and Molecules

Figure 4 Model of glow discharge plasma (Nojiri, 2015).

CAPP has been used for disinfection in many ways such as medical equipment,
packaging in the food industry, implants, blood coagulation, etc. (Fridman et al., 2008).
CAPP has a high efficiency in eliminating bacteria which is partly due to their easy
access into narrow and pent up spaces (Laroussi, 2002). In recent years, CAPP has a
temperature lower than 40 °C and CAPP sources have been developed that provide
the possibility to extend plasma treatment to soft tissue cells. CAPP can be generated
in several way such as RF, microwave frequencies, high voltage AC or DC, etc. Excited
species and reactive gases may be generated during the non-equilibrium processes
and in plasma medical field these species have particular attention (Kong et al., 2009).

Plasma composes of electrons, positive ions, and neutral particles, and can be
described based on the ionization degree, density, thermodynamic equilibrium, and so

on; in consequence, plasma is classified in many ways.



2.1.1 Classical plasma
A plasma gas or called classical plasma, for plasma kinetic theory which has
classical Boltzmann statistics, if the distance between gas particles is adequately large.
The distance between electrons in a plasma is adequately large if it is larger than the
average electron, of mass m, and speed v, from its thermal energy, de Broglie

wavelength (K. Wiesemann, 2013):

h
MeVth

(1)

AB:

The de Broglie wavelength explains particles have wave-like properties, a
particle of mass m moving at speed v will have the properties of a wave of the de
Broglie wavelength, where h is the Planck constant.

Furthermore, a plasma can be explained as an ideal gas, when particles
only interact elastically, if the mutual potential energy of electrons and ions is smaller

than the average kinetic energy:

e2
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If the distance between particles in the plasma large enough is the result
to the electrostatic force between particles will be weak. Using the relations of kgT,
and Debye-Huckel length, A, for plasma being in ideal gas state therefore we get the
equivalent conditions (K. Wiesemann, 2013):

Ap >> e = =75 (3)

2.1.2 Degree of ionization in plasma
The number of ionized atoms or molecules depend on the degree of
ionization (normally the number of electrons n, or ions n; are equal) as a fraction a
of the total number n; of atoms or molecules:

Ne

(4)

a =
n;

The ionization degree is defined as a; = n;/(n; + n,), where n; is the
number density of ions and n,, is the number density of neutrals. a; are determinant

factor of the response of any plasma to a magnetic field as well as the electric



conductivity of plasma. Plasma with 107 < @; < 107" is weakly ionized. Because the
electron temperature in the plasma is determinant to the degree of ionization, weakly
ionized plasma is called low-temperature plasma. In common plasma-processing
chambers, the degree of ionization is less than 107" The degree of ionization of
inductively coupled plasma (ICP) and electron cyclotron resonance is a lot higher,
about 1072 Plasma with a; =~ 1 is fully ionized, and is referred to as “hot” plasma or
high-temperature plasma. Examples include fusion plasmas, solar wind (interplanetary
medium), and stellar interiors (the Sun’s core).

Only a small part of the atoms in an electric discharge turn to be ionized,
typically one (1) in 10°-10°, which at a gas pressure of 133 Pa (1 Torr) corresponds to
a particle density of 10% m™ and an electron density of 10'® m™. The variation of the

degree of ionization with different temperatures is show in Figure 5.
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Figure 5 Characteristic variation of the degree of ionization of an atomic gas at

atmospheric pressure (Harry, 2010).

2.1.3 Collisions between particles
Collisions of particles may be elastic, in which case momentum is
preserved, or inelastic, where momentum is transferred to potential energy. In both

cases, energy has exchanged. The energy to collision and the collision frequency
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between atomic particles influence the rate at which energy can be coupled with or
released from a plasma, the mass of an electron, m,, is 9.11 x 107 ke, the nucleus
atomic weight of a hydrogen atom (proton), my, is 1.67 x 107" kg.

Figure 6 shows the energy levels of different atomic and molecular
transitions. The energy gained by an electron (charge 1.6 x 10™*° C) accelerated through
a potential of 1V is 1 eV or 1.6 x 107" J. The Maxwell-Boltzmann distribution indicates

the small number of particles available with adequate energy for ionization.
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Figure 6 Atomic and molecular energy associated with different energy transitions

(Harry, 2010).

The electron small mass results to only an insignificant exchange of kinetic
energy from electrons in an elastic collision, both particles conserve the magnitude of

their momentum, but its direction will be changed.

2.1.4 Plasma parameters
Table 1 shows commonly values of plasma parameters correlated with an
arc discharge plasma or strongly ionized plasma, and a glow discharge plasma or a

weakly ionized plasma. A glow discharge plasma is characterized by being without
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thermal equilibrium between the electron temperature (T,) and gas temperature
(Ty). An electron temperature correlates with the energy of the electrons, and its
relationship to the kinetic energy %meve2 is expressed as

1 3
Emevez = EkTe (5)

Where m,, is the electron mass, v, is the electron velocity, and k is

Boltzmann’s constant.

Table 1 Types of plasma and plasma parameters (Nojiri, 2015).

Plasma Electron lon Gas
Type of plasma density | temperature | temperature | temperature
(cm?) T, (K) T; (K) Ty ()
Arc Strongly ionized >10% 6,000 6,000 6,000
discharge | plasma (high-
temperature
plasma)
Glow | Weakly ionized | 10°-10% ~10* 300-1,000 300
discharge | plasma (low-
temperature
plasma)

Since electrons are very ligshtweight, electrons are accelerated by an electric
field and receive large kinetic energy. The average electron energy in a glow discharge
plasma is several electron-volts. Example the electron energy is 2 eV; then the electron
temperature T, is 23,200 K, according to (5). On the contrary, the temperature of the
neutral atoms and molecules has a gas temperature Ty, which is near room

temperature (293 K). Otherwise, ;—e is around 80, and the electron temperature T, and
g

gas temperature Ty are not in a thermal or non-thermal equilibrium. While the
electrons have an energy level equal to a high temperature of 10* K or higher, the
temperature of the etch chamber and the wafer are low because the electrons have

small mass. Therefore, a glow discharge plasma is also referred to as a low-temperature
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plasma. Because electrons have enough energy that result in the excitation, ionization,
and dissociation of atoms and molecules, with the gas temperature remaining near to
the room temperature, various types of reactions are possible at low temperature.
An arc discharge is a strongly ionized plasma, and its plasma density is 10**
cm™ or greater. The electron temperature T, ion temperature T;, and gas temperature
Ty are in a thermal equilibrium, and T,=T;=Tj is approximately 6,000 K. For this reason,

the arc discharge is referred to as a high-temperature plasma (Nojiri, 2015).

2.1.5 Plasma thermal equilibrium
Considering relative temperatures between electrons, ions, and neutrals,

plasmas are classified as thermal equilibrium and nonthermal equilibrium.

2.1.5.1 Thermal equilibrium plasma
The electron temperature (Tp), ion temperature (T;), and neutral
temperature (T;,) are identical in thermal equilibrium plasma. This is attributed
to the frequent collisions between electrons and ions/neutrals inside high-
temperature and high-density plasma. Examples include the natural fusion
reactor (Sun), a magnetic field (of tokamak design), or inertial (laser)

confinement of a plasma.

2.1.5.2 Nonthermal equilibrium plasma

In nonthermal equilibrium plasma, the momentum transfer
between light electrons and heavy particles (ions and neutrals) is not efficient
enough and the power applied to plasma favors electrons. Therefore, the
electron temperature (T,) is extremely higher than in ions (T;) and neutrals (Ty,),
being, T, >> T;, T,,. Nonthermal equilibrium plasmas are generated by corona
discharge, glow discharge, arc discharge, capacitively coupled discharge,
inductively coupled discharge, wave heated plasma, etc. Applications of
nonthermal plasma have expanded to cover many fields including
environmental engineering, aeronautics and aerospace engineering,

biomedicine, textile technology, and analytical chemistry.
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2.1.6 Plasma source

The plasma source comprises of a needle on which the voltage is applied
and surrounded by a quartz glass tube. Flow rate of gas normally at 1 to 2 L/min of
helium or argon, sometimes with a gas mixture, is flow through the glass tube to force
the gas and the plasma out to the air. Since having the high electric field on the needle
tip the plasma can be generated either with inert gas, an argon or a helium flow
(Hofmann, 2013).

Table 2 shown lists of various reactions that can take place at a surface
exposed to a plasma. The first two show etching and deposition processes that are in
turn enhanced by the arrival of energy brought by other particles.

Table 3 and Table 4 list phenomena that take place in the gas phase, where
particles are ionized, some molecular gases are broken up and others agglomerate
(oligomerize). The last process is the first stage in the formation of particulate matter

in plasmas.

Table 2 Surface reactions (Braithwaite, 2000).

Reactions Description Evidence
AB+Coolig = A+BCuapour Etching Material erosion
AB = A+B.oig Deposition Thin film formation
e +AT > A Recombination Major loss process
A* = A De-excitation
A* = Are (from surface) Secondary emission | Auger electrons
A(fast) = Ade Secondary emission | Auger electrons

Table 3 Gas phase reactions involving electrons (Braithwaite, 2000).

Reactions Description Evidence
e +A > Ate Elastic scattering Thermal electrons
e +A = At+et+e lonization Conductivity
e 1A = A*te Excitation
e +A* = et A+hy De-excitation Light emission
Two-step ionization lonization efficiency
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Reactions

Description

Evidence

e +A* = Afte+e

e +AB ™ A+B+e”

A+B

e+A"+B = A+B

Af+e +B+e

Fragmentation

Dissociative ionization

Dissociative attachment

Volume recombination

Residual gas analysis

Plasma decay and steady-state

Table 4 Gas phase reactions involving ions and neutrals (Braithwaite, 2000).

Reactions

Description

Evidence

for B=A

A"+B — B+A"
AT+B = AT+B*+e
A"+B = A"+B'+e
A+B* = A"+B+e
A"™+BC = A™+B+C
e+A"+B = A+B
A*+B — AB*

A+B — AB

A*+B — B*+A ‘resonant’

Elastic scattering
Excitation

lonization

Oligomerization

Oligomerization

Charge exchange

Penning ionization
Fragmentation/dissociation

Volume recombination

lon energy spectra

lon energy spectra
lonization efficiency
lonization efficiency
lonization efficiency
Residual gas analysis
Plasma decay

lon mass spectra

Residual gas analysis

2.1.7 Atmospheric pressure plasma (APP)

For generated plasma at atmospheric pressure or ambient air can overcome

the drawbacks of the low-pressure plasma. However, high voltage for gas breakdown

is required and for enhanced collisions between electrons and gas molecules. In

avoiding arcing and gas temperatures is low in APP to attain low-temperature sources,

several models have been developed via properly scheming electrode configurations

and discharge-excitation voltage waveforms for limit discharging duration. Major

methodologies for avoiding arch and hot gas include dielectric barrier discharge (DBD)

and pulsed voltage or high frequency (HF) voltage was used for excitation of discharge
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rather than direct current (DC) voltage (Setsuhara, 2016). Another method is to apply
a voltage with a high frequency, usually RF (Park et al., 2001) in order to reduce the
operation voltage. In most cases these RF plasmas are capacitively coupled plasmas,
i.e. generated between two electrodes at radio frequency 13.56 MHz. With this
configuration and at these frequencies the current is mainly eradication current,
compared to the usually much smaller ohmic current. The last method is to apply the
voltage and switch it off before a transition to a spark or arc can emerge, i.e. applying
voltages with a duration of pulses of a few hundreds of nanoseconds or less,

depending on the electrode geometry.

Dielectric tube

Electrode Atmospheric-pressure

/ plasma source

Plasma jet Radical generation
and transport

Treated object

(@) (b) (c)
Figure 7 Atmospheric-pressure plasma exposure in biomedical applications; (a) DBD,

(b) plasma jet and (c) plasma effluent downstream (Setsuhara, 2016).

APP-irradiation diagram for biomedical applications are shown in Figure 7.
In DBD shows in Figure 7 (a). DBD known as a barrier discharge or a silent discharge, is
one type of discharge when at least one of the electrodes is covered by a dielectric
material. Layer of dielectric play a role current limiter and shield the formation of arc
discharge or a spark. The energy of electrical coupled into a DBD plasma is generally
transferred to the electrons, meanwhile the neutral gas remains near to ambient
temperatures. DBD system is the non-equilibrium plasma that can be operated at high

pressures. The treated object act as a counter electrode (grounded electrode) and the
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gap distance is in range of mm or much less than several cm. Hence is suited to treating
flat areas of skin. In the DBD type has been used in a wide range of plasma-medicine
applications for example sterilization of living animal or human tissue, blood
coagulation, wounds healing and skin treatments. However, in the DBD type is
restricted by the size of the gap distance between HV electrode and target, and thus
plasma sources generated in open space for expanding the flexibility of applications
are required.

Other method of open-space exposure has been realized by the plasma-
jet in Figure 7 (b). The atmospheric pressure plasma jets (APPJ) are prone to arcing. An
arc is a thermal plasma that forms when a current is heated up through the electrodes
creating high energy enough. If the temperature at the electrode is high enough more
electrons escaping from atom are created due to thermionic emission, which leads to
a very high current at low voltage at gas high temperatures. Arcs are very energetic
and need to be evaded in many applications. The most significant sources which create
non- arcing atmospheric pressure plasmas are dielectric barrier discharges (DBDs),
corona discharges and cold atmospheric pressure plasma jets (CAPPJs) (Hofmann,
2013).Plasma is generated in the discharge tube with barrier discharge sustained in
flows of noble gases such as He and Ar gas, when flown along dielectric tubes with
cylindrical configurations comprise of electrodes and a dielectric tube. In plasma jet,
the ionization wave was generated in the discharge tube blown from the discharge
tube toward the object. The different designs of atmospheric pressure plasma jets
remain (Schutze et al.,, 1998). The special feature of all of them is that usually inert
gas such as helium or argon is blown through a nozzle, dimension size um or mm. In
most cases enclosing this nozzle one electrode is connected to a high voltage source
around 0.1 to 100 kV and a grounded electrode. The plasma is then usually generated
inside the nozzle between these electrodes and blown out via gas flow. To guard
arcing in plasma jets three methods can be implemented either separately or in many
combinations. One method is to use the geometry of DBD, with the two electrodes
being separated by at least one dielectric barrier, such as glass. The advantage of the

dielectric barrier is that the charge, which is generated in the volume of the plasma,
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will be deposited on the dielectric. This leads to a local reduction of the electrical
field, which will lead to a self-quenching of the discharge (Hofmann, 2013).

There are several advantages of plasma jets over DBD discharges. DBD
discharges, especially in air, are in most cases filamentary and are created randomly
over the surface, while a plasma jet forms in most cases a stable diffuse seeing
discharge without the need of the surface as a secondary electrode. This makes it
possible to treat rough surfaces homogeneously in either a direct contact or an indirect
mode, which is a challenge in a DBD geometry. The common disadvantages of plasma
jets are the relatively small size of the discharges and the need of (expensive) rare
gases. While air jets have also been developed (Kolb et al., 2008).

The plasma-effluent downstream shows in Figure 7 (c). The object is
located in the downstream of APP sources, when the effects of the electric filed in
region of the treated object can be ineffective, and the effluent of the APP into the
open-space, ambient air is source for generation of reactive species. The reactive
species generate by the effluent of the plasma source when transported to the objects
for treatments (Setsuhara, 2016). As mentioned before, many different kinds of
electrode configurations and voltage waveforms can and are used in different plasma
research groups. Finally, these plasma sources are different in many ways such as size,
rate of gas flow, electrode, etc. A direct contrast of the different plasma sources is in
most cases extremely challenging if not impossible without a lot of detailed

information of plasma properties (Hofmann, 2013).

2.2 Bacteria
2.2.1 Bacterial cells
One type of prokaryotes are bacteria. Bacteria are simple single cell
organisms without cell nucleus or other membrane- bound organelles, unlike
eukaryotes. Ordinarily bacteria have a size of around 100 nm and have many shapes,
such as rods, spheres, and spirals. The chromosomal DNA of bacteria is a single loop

that forms a deformed structure in the cytoplasm known as the nucleoid. Moreover,
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bacteria can also carry plasmids, that are small circular DNA molecules providing
supplementary genes that are not important to the bacteria, but can assist in their
survival in severe environments which are the reasons that make bacteria resistant to
antibiotics. All of bacteria cells have a cell membrane in the form of a lipid bilayer. A
barrier between the cell interior and cell membrane is known as cytoplasm, and the
external world, and molecules can selectively be transported pass it. Furthermore, the
lipid membrane, bacterial cells have a cell wall that prevents the cell from pressure

produced by osmotic flow of water into the cell (Laroussi et al., 2012).

2.2.2 Staphylococcus aureus

In the 1880s Staphylococcus aureus (S. aureus) was the first time
introduced to the scientific community and S. aureus have potential to cause skin and
wound infections. Moreover, S. Aureus is a unique bacterium as it has the potential to
adapt to for antibiotics resistance leading to the development of methicillin-resistant
Staphylococcus aureus (MRSA) in the 1960s. About 25% of population has S. aureus
living in the nasal cavities, which being its major reservoir and the most important
source for infection. Transportation of S. aureus is affected by genetic and
environmental factors, along with cell-wall lipoteichoic acid, hormonal status, and
antimicrobial activity of nasal secretions (Boost et al., 2008). Therefore, S. aureus is one
of the most poisonous and also dangerous pathogens for human life. S. aureus is the
cause of various deep-seated invasive and toxin-mediated illnesses including
superficial infections. The broad range of clinical conditions results from a diversity of
extracellular components, as well as surface proteins, capsule, biofilm formation,
enzymes, and toxins (Petinaki and Spiliopoulou, 2012). MRSA is a major health

pathogen problem worldwide which has significantly increased over the last decade.

2.2.3 Pseudomonas aeruginosa
Pseudomonas aeruginosa (P. aeruginosa) is opportunistic pathogen in most
cases of humans and animals, leading to severe infections whereby the immune
system is compromised (Fergie et al., 1994), or after long time of antibiotic treatments,

injuries and medical process ( Strateva and Yordanov, 2009). P. aeruginosa is
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opportunistic pathogen in gram-negative type ubiquitously present in water and soil.
It has a natural potential to be resistant to penicillin and aminopenicillins, and the
cephalosporin of first and second generations. Moreover, it is normally sensitivity to
aminoglycosides, fluoroquinolones, lipopeptides, ureidopenicillins, carboxypenicillins,
carbapenems and the third generation of cephalosporin. Furthermore, P. aeruginosa
can develop resistance to against any antibiotic faster than that we are able to develop

antibiotic. (Strateva and Yordanov, 2009).

2.3 Mechanisms of CAPP to bactericidal

The fact that RONS are created by cells and released extracellularly in
inflammatory response to infections, tumors, and wounds supports the claim that
RONS must be the main active mechanism in CAPP. That is to say RONS are believed
to be a part of an intracellular signaling pathway. This class of RONS are called primary
species and they are well controlled in the cell and their reactions with biomolecules
are reversible. The signaling mechanisms consist of modifications of the intracellular
redox state and proteins in signaling pathways by oxidation. One more class of RONS
are secondary species and they are toxic and cause irreversible damage by their
reactions with biomolecules. The primary RONS comprise of superoxide (O,), hydrogen
peroxide (H,0,), and nitric oxide (NO), and the secondary RONS include hydroxyl (OH)
and peroxynitrite (ONOO"). The secondary species only generate in the cell in case
primary species react with one another or with a transition metal. The formation of
hydroxyl from hydrogen peroxide is catalyzed by iron ions and known as the Fenton
reaction. Interestingly, a reaction lead to oxidative damage to pathogen membranes
upon immune response, known as lipid peroxidation, the cleavage of lipid peroxides
is catalyzed by ferrous ions, which is similar to the Fenton reaction. Another way of
forming hydroxyl is through the Haber-Weiss reaction, where O, is transformed into
H,O, which is then transformed to OH. Peroxynitrite is formed in a reaction between
superoxide and nitrogen oxide. The reaction between peroxynitrate and amino acids
leads to the formation of nitrated amino acids which causes oxidative damage to

proteins (Kong et al., 2009). Therefore, RONS generated in CAPP can both act as an
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immune response (primary RONS) and a highly reactive damaging species (secondary
RONS).

RONS in CAPP have been reported to have oxidative effects on the outer
structures of the cells, that is on the membrane and the cell wall, affecting their
structural integrity. Ozone (O5) interferes with cellular respiration, OH (hydroxyl radical)
compromises the function of unsaturated fatty acids in the lipid membrane, H,0,
(hydrogen peroxide) has oxidative effect on proteins, lipids, and DNA, and atomic
oxygen, metastable oxygen molecules, and superoxide (O,) can oxidize proteins
(Laroussi et al., 2012). However, the way RONS affect cells depends on their
concentration. For example, H,0, (hydrogen peroxide) can activate cell proliferation
or restrain it and induce cell apoptosis and Nitric oxide (NO) which play an important
role as an anti-inflamlmatory agent at low concentration, but at higher concentration
it can damage cells (Kong et al., 2009). When the concentration of RONS are
overwhelming to the cell, it is said to be in a state of oxidative stress, damaging lipids,
protein, and DNA (Zhang et al., 2016).

As to the metabolic part, ATP (Adenosine triphosphate), the molecule used as
the energy currency for life, is the descriptor of the metabolic activity in cells and can
be used to observe how bacterial cells in form biofilm react to the stress that follows
a CAPP exposure. For short exposure times, bacteria have been shown to try to handle
with the stress by either increasing respiration and consequently the ATP production
or to uncouple the ATP production from respiration (Joaquin et al., 2009). In a liquid
condition, RONS have been shown potential to cause acidification and therefore
inactivation of suspended bacteria (Suschek and Oplander, 2016).

Heinlin et al., study in Plasma medicine: possible applications in dermatology.
Experiments shown CAPP have efficient, contact-free and painless disinfection, even
in microscopic view without damage to healthy tissue. Plasma have affected the
biochemical processes and offer new probability for the selective application of
individually designable medical active substances application. For dermatology, new
ways are being opened for wound healing, tissue regeneration, therapy of skin

disinfection and probably other pathogen (Heinlin et al., 2010).
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Daeschlein et al, study in Skin decontamination by low- temperature
atmospheric pressure plasma jet and dielectric barrier discharge plasma. The APPJ and
DBD have a high efficiency in eradicating physiological (PF) and artificially (AF) from the
fingertips of healthy participant. Moreover, in the investigation plasma-resistant isolates
were not found. CAP has shown to have potential for inactivation skin disease. For the
purpose of hand hygiene, the times of plasma exposure should be decreased
significantly by technical means (Daeschlein et al., 2012).

Lin et al., study in Ar/O, Argon-Based Round Atmospheric-Pressure Plasma Jet
on Sterilizing Bacteria and Endospores. A round argon-based non-thermal atmospheric-
pressure plasma jet (APPJ) for sterilization application was developed and
characterized. The APPJ temperature at the tube outlet is lower than 37 °C, so as not
to induce damage to normal tissue. The absorbed power of plasma is around 2.7 W.
The OES data shown that APPJ has high intensity of hydroxyl radicals (OH) in glow
discharge region. Additionally, this device was applied to eradicate the bacteria (E. coli
and B. subtilis) and endospore (B. subtilis endospore). Furthermore, when feeding
additional oxygen (0.04%) into working gas it can not only increase the OH radicals but
also accelerate the killing of bacteria and endospore (Lin et al., 2016).

Mohd Nasir et al., study in Cold plasma inactivation of chronic wound bacteria.
The researchers used two types of plasma systems to generate cold plasma: a parallel
plate dielectric barrier discharge (DBD) and a capillary-guided corona discharge.
Parameters for applied voltage, discharge frequency, exposure time and flow rate of
the carrier gas affects the cold plasma chemistry and thus change the composition and
concentration of plasma species to reaction with the target sample. Chronic wounds
failure to heal, often contaminated by multidrug resistant pathogen, make them
resistant to healing. Methicillin- resistant Staphylococcus aureus ( MRSA) and P.
aeruginosa are the two major bacteria in infection and clinical non-infection wounds.
The efficiency of cold plasma generated by the two different designs are based on
eradication of three different isolates of MRSA and four isolates of P. aeruginosa (Mohd
Nasir et al., 2016).

Mai-Prochnow et al., study in Gram-positive and Gram-negative bacteria differ

in their sensitivity to cold plasma. The results showed CAP efficiency is direct relative
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to the thickness of the cell wall of bacteria in various species. Biofilms of Gram-positive
B. subtilis cell wall are around 55.4 nm, have ability resistance to CAP, with less than
one logy, reduction after exposure time 10 min. On the other hand, biofilms of Gram-
negative P. aeruginosa cell wall are around 2.4 nm and were almost completely
eliminated under the same exposure time conditions. Planktonic cultures of Gram-
negative P. libanensis also had a higher log,, reduction than Gram-positive S.
epidermidis. Mixed species biofilms of P. aeruginosa and S. epidermidis showed the
same trend of Gram-positive bacteria as having ability to resistant treatment of CAP. In
addition, when grown in co-culture, Gram-negative P. aeruginosa have higher resistant
to CAP than as a mono-species biofilm. OES spectrum found OH and O in the plasma
have ability to break bond structure of cell walls. This study showed cell wall thickness
being relative to CAP inactivation times of bacteria, but cell membranes and biofilm
matrix have also a likely role (Mai-Prochnow et al., 2016).

Kang et al., study in Portable microwave air plasma device for wound healing.
A portable microwave air plasma was developed for safety and effective wound
healing process. Generated plasma by a fixed microwave power and two type of gas
flows. The result shows the rate of the two air flows define the stability of the plasma
jet, gas temperature and including control the concentrations of the reactive species
in plasma. Two different system, the NO and ozone system, were identified as
acceptable for wound healing without damage from thermal and toxicity. These
systems show the same plasma characteristics excluding different concentration of NO
and ozone. Both systems show a more than double faster in wound healing process
when compared with the untreated case. Speedier potential healing process especially
with ozone safety make the NO abundant system the best operation condition for
wound healing. The performance of the developed device was monitored by a one-

hour continuous generated plasma with a 24 V battery (Kang et al., 2015).



CHAPTER 3
EXPERIMENT

3.1 The Dielectric Barrier Discharge Plasma Jet (DBDJ)

This research has supported commercial Bio-Plasma Dielectric Barrier Discharge
Plasma Jet (DBDJ) equipment from Photo Bio Care Co. Ltd, Thailand (Yaopromsiri et
al,, 2015) and laboratory of plasma and beam physics research facility (PBP),
department of physics and materials science, Chiang Mai university, shown in Figure 8.
DBDJ have outside diameter 21 mm and inside diameter 8 mm (gas outlet). In Figure
9 DBDJ consist of HV power supply, gas inlet, dielectric housing, electrode, quartz
dielectric and plasma glow discharge. DBDJ was fixed at operated conditions at input
voltage 40 V, output high voltage dc pulse 20 kHz (DBDJ), flow rate of He gas at 1 L/min
for help generate plasma, intensity at 5 and variation generated repetition rate from

50 Hz to 110 Hz or converted to plasma dissipated power from 0.27 W to 0.50 W.

Figure 8 (A) DBDJ, (B) monitor display of power supply and (C) power supply of BIO

Plasma.
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Figure 9 (A) Internal components of DBDJ and (B) Plasma glow discharge of DBDJ.

The experiment diagram shown in Figure 10. The research facilities available for
this research at plasma and beam physics research facility (PBP), department of physics
and materials science, Chiang Mai university and cell culture laboratory, department
of biology, faculty of science, Chiang Mai university. First of all, measurement plasma
properties of DBDJ by oscilloscope, OES and gas detector. Second, bactericidal test by
spread plate technique and follow up by colony forming unit (CFU) assay. DBDJ was
generated at plasma dissipated power from 0.27 W to 0.50 W and time exposure 15 s
to 60 s. Third, bacteria biofilm test used live/dead assay and observed by fluorescence
microscope. For bacteria biofilm and cell toxicity, plasma dissipated power at 0.50 W
and time exposure at 60 s. Lastly, cytotoxicity of HDFa cells monitored by optical
microscope to observed morphology, live/dead assay and flow cytometry (Muse Cell
Analyzer) with Muse Count & Viability Assay Kit and Muse Annexin V and Dead Cell
Assay Kit.

3.2 Plasma properties

DBDJ was operated at high voltage dc pulse 20 kHz (DBDJ), flow rate of He gas
at 1 L/min and plasma dissipated power from 0.27 W to 0.50 W. For measurement
plasma properties of DBDJ was used oscilloscope with high-voltage probe (Tektronix,
P6015A and Hantek, T3100), OES (spectrometer AvaSpec-2048) and gas detector
(Shenzhen YuanTe Technology : model SKY2000-NO and SKY2000-O5).
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Figure 10 Experiment diagram.

3.2.1 Electrical properties

The setup diagram for measurement electrical properties shown in Figure
11. The intensity of plasma is captured by photo sensor amplifier. The light signal was
converted to voltage by amplifier and connects the elements to the digital
oscilloscope to provide a signal corresponding to the light intensity of the plasma in
real time. When changing the experiment parameters for example supply voltage
operated showed instantaneous results in the oscilloscope. In this work the high
voltage waveform was determined using a high-voltage probe (Tektronix, P6015A). The
plasma dissipated power was estimated by Lissajous figure method or Q-V plot (Cai Yi-
xi et al., 2010). The discharge charge was estimated from the voltage across the 1 nF
capacitor measured by a HV probe (Hantek, T3100). Equation for calculated plasma
dissipated power and dose of plasma refer to (11 and 12). Lassajous figure method (Q-
V plots) by Channel 1 is HV probe (1 kV), Channel 2 is capacitor (1 nF) discharge C.
When V; = 1 kV, f = 20 kHz, C = 1 nF and V,= 20 V. Area of plasma = Ttr* (when r = 2.1
cm and t = exposure time).

Q =cCV (6)

P=1V (7)
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p= (%) v, 8)
p= (C_:Z) v, (9)
P = Area(unit?) (CV,V,f)(duty%) W (11)
Pt
Dose = (m) ]/sz (12)

Channel 1

4 Oscilloscope

HV Power Supply

Gas Inlet

Dielectric Housing

Electrode

Quartz Dielectric

Fiber optic Spectrometer I k I

Figure 11 Setup diagram of equipment.

Channel 2

@]

3.2.2 The reactive oxygen nitrogen species (RONS)

Spectrometers used for plasma diagnostics are in principle similar as UV-VIS
spectrometers. The major difference is its much higher spectral resolution, better than
0.01 nm and in the case of optical emission spectroscopy (OES). No light source is
required inside the spectrometer. The gratings have higher density, more than 300
gr/mm and are used for covering all of broad length spectra. Only older spectrometers
use optical prisms. The slits are installed at the entrance of spectrometer for
adjustability. The detectors used charge coupled device (CCD) or photomultipliers and
photodiodes. Therefore, the spectral record quality and the final spectrometer
resolution depends on all of these elements. At present spectrometers are completely

controlled by computer and make is easy to use. In this research were used
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spectrometer AvaSpec-2048 for measurement light emission spectra in glow discharge
plasma. OES used fiber optic spectrometer led light emission spectra of plasma into
system by CCD detector. CCD change light emission spectra signal to digital signal
shows on computer display by program controller AvaSoft version 7.4. After saving OES
data was file exported to Microsoft Excel and data was used to plot graph and mark
peaks in OriginPro 2016. OES setup as shown in Figure 11. The properties of
spectrometer AvaSpec-2048 shown in Table 5.

The NO and O; concentration were measured by using the two gas
detectors (Shenzhen YuanTe Technology); model SKY2000-NO for measuring NO
concentration and model SKY2000-O5; for measuring O; concentration during DBDJ
operation. When operated DBDJ concentration of NO and O stay safety criteria for

user were guarantee.

Table 5 Technical data of AvaSpec-2048.

Optical Bench Symmetrical Czerny-Turner, 75 mm focal
length
Wavelength range 200-1100 nm
Resolution 0.05-20 nm, depending on configuration
Stray-light 0.04-0.1%, depending on the grating
Sensitivity 310,000 counts/uW per ms integration
time
Detector CCD linear array, 2048 pixels
Signal/Noise 200:1
AD converter 16 bit, 2 MHz
Integration time 1.11 ms - 10 minutes
Interface USB 2.0 high speed, 480 Mbps
RS-232, 115.200 bps
Sample speed with on-board averaging | 1.1 ms /scan
Data transfer speed 1.8 ms / scan (USB2)
430 ms / scan (RS-232)
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Digital 10 HD-26 connector, 2 Analog in, 2 Analog
out, 3 Digital in, 12 Digital out, trigger,

sync.

Power supply Default USB power, 350 mA or with SPU2
external 12VDC, 150 mA

Dimensions, weight 175 x 110 x 44 mm (1 channel), 716

grams

3.3 Microbiological test

Samples of Staphylococcus aureus (S. aureus) TISTR 2329 and Pseudomonas
aeruginosa (P. aeruginosa) TISTR 2370 were obtained from Thailand Institute of
Scientific and Technological Research (TISTR). First of all, the best condition of DBDJ
for bactericidal was found by using spread plate method with plasma dissipated power
from 0.27 W to 0.50 W and time exposure 15 s to 60 s. After the best condition was
found selected only one condition plasma dissipated power at 0.50 W and time

exposure 60 s for destroying bacteria biofilm by using live/dead assay to monitored.

3.3.1 Bactericidal

The sample bacteria of S. aureus and P. aeruginosa bacteria were grown in
5 mL nutrient broth (NB) using the orbital shaker 150 rpm in incubator at 37 °C for 24
h to obtain a bacterial density of approximately 1x10" to 1x10® CFU/mL. After 24 h
serial dilution to 10 for S. aureus and P. aeruginosa was used before prepared in
Nutrient Agar (NA). Then prepared S. aureus and P. aeruginosa was used spread plate
method 200 uL for DBDJ experiment. DBDJ treated on S. aureus and P. aeruginosa
operated at plasma dissipated power from 0.27 W to 0.50 W and time exposure 15 s
to 60 s gap between DBDJ and plate at 0.5 cm. After that DBDJ treatment S. aureus
and P. aeruginosa incubated at 37 °C for 24 h and result of DBDJ treatment was
investigated by Colony Forming unit (CFU) method count and calculate efficiency
bactericidal of DBDJ according to (13). Count number of control and treatment in circle

area. Average efficiency and plot graph when diameter area is 2.1 cm.
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Control—-Treatment

%Reduction or ef ficiency = ( )xlOO% (13)

Control

3.3.2 Bacteria biofilm

The bacterial biofilms both of S. aureus and P. aeruginosa were prepared
in NB. After incubated at 37 °C for 24 h to have density of approximately 1x10" to 1x10°
CFU/mL and then moved to 12-well plate at 1 mL/well on the 12 mm coverslip glass
with 0.1% of gelatin in Phosphate Buffered Saline (PBS 1X, pH 7.4) 30 min at 4 °C before
being used. The bacteria samples were incubated at 37 °C for 48 h and NB had to be
changed every 24 h. After 48 h removed NB, plasma exposure on bacteria samples
was carried out at plasma dissipated 0.50 W and exposure time 60 s. Live/Dead assay
method with double stain Hoechst 33342 and Propidium iodide (PI) was used to
monitor immediately after treatment. Prepared double stain HO/PI dilute in deionized
water to 1 ug/mL and drop 200 uL on coverslip glass soaked in incubator at 37 °C for
30 min to activate double stain HO/PI and avoid exposing to light. After incubated
solution was removed, wash PBS 2 times and plated coverslip glass on cleaned
microscope slide with BosterBio antifade mounting medium 20 uL. Performance of
DBDJ to destroy bacteria biofilm was observed by Olympus BX51 fluorescence
microscope. The magnification for bacteria biofilm image at 1000x oil immersion lens
with ZEISS Immersion Oil 518 N was used. For fluorescent imaging of HO/PI image have
to be taken at the same spot but using different laser source to activated HO/PI stains.
In case of HO which has the ability to bind both of live and dead cell, ultraviolet
excitation at 405 nm was used, after emission spectrum maximum at 461 nm in blue
fluorescence. In case of PI binding with DNA stain only dead cell and Pl cannot cross
the membrane of live cells, laser wavelength 488 nm to excitation and emission
maximum at 617 nm in red fluorescence was used. After which both of HO/PI image
were saved, export file, customize the image color in ACDSee Photo Studio Ultimate

2018 and merge or overlap two images by ImageJ-win64 program.



30

3.4 Human Dermal Fibroblasts adult (HDFa) cells

Human Dermal Fibroblasts, adult (HDFa) cells Cat. no. C-013-5C purchased from
Cascade Biologics™ invitrogen cell culture (GIBCO invitrogen cell culture). Primary
human dermal fibroblasts are isolated from adult skin, cryopreserved at the end of
the primary culture. Morphology of HDFa cells are spindle-shaped (cells are bipolar
and refractile) and passage of HDFa cell for experiments not more than passage 12.
Before plasma exposure, HDFa cells have 70-80% confluence, media cover around 2
mm. and gab between DBDJ and cells at 5 mm. DBDJ was operated only one condition

at plasma dissipated power 0.50 W and time exposure 60 s.

3.4.1 Cell culture

HDFa cells were cultured in 10% Fetal Bovine Serum (FBS) with Dulbecco's
Modified Eagle Medium (DMEM) high glucose supplemented and Antibiotic-Antimycotic
(1X) - Thermo Fisher Scientific (Thermo Fisher Scientific, Inc., Waltham, MA, USA) in a
humidified atmosphere containing 95% air/5% CO, at 37°C. HDFa cells were grown to
70-80% confluence, media removed and washed by Phosphate Buffered Saline (PBS
1X, pH 7.4) 2 times, harvested by add 1 mL (T-25 flask) or 2 mL (T-75 flask) 0.025%
trypsin-EDTA (Thermo Fisher Scientific, Inc.) in PBS incubated for 5 min 95% air/5% CO,
at 37°C. Add completed media (DMEM+10%FBS), after trypsinization and move cell
suspension to tube 15 mL for centrifuge. After centrifuge at 1,000 rpm 7 min was
media removed, add fresh media seed cells to 6-well plate at volume 2 mL/well for
flowcytometry and 12-well plate at volume 1 mL/well on coverslip glass diameter 10
mm. for Live/Dead assay, HDFa cell had confluence 25-30% and media changed every
48 h. HDFa cells before experiment have confluence 70-80%. After that start cell

cytotoxicity assay.

3.4.2 Cell morphology
Before to monitored proceed effect of DBDJ to HDFa cell with fluorescent
microscope or flow cytometry, we always have to observe cell morphology changes
by optical microscope (OM). The morphology of cells culture such as shape and

appearance are important for successful cell culture experiments. Moreover, to verify
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the healthy status of cells in culture, investigating the cells by eye and a microscope
each time they will help to detect any indication of contamination early on and to
sterilize it before it spreads to other cells cultures around the laboratory. After HDFa
cells ready for experiment were removed media, washed by PBS and fresh media was
added to cover HDFa cells around 2 mm. Then DBDJ exposure on HDFa cells and cell
morphology of HDFa cells by Olympus CK40 Inverted Microscope with USB portable
digital microscope 10x (2 million-pixel camera) were monitored. For cell morphology

image magnification at 40x was used.

3.5 Cell cytotoxicity assay

Cell cytotoxicity assay of DBDJ was monitored by live/dead assay, flow
cytometry (Muse cell analyzer) with Muse count and viability kit and Muse annexin V
dead cell kit. To study effect of DBDJ at the best condition for eradicating bacteria in
wound healing model to HDFa cells as in vitro were used. In the experiment, HDFa
cells have media cover around 2 mm, gab between DBDJ and cells at 5 mm. Condition
in experiment had 4 condition and 3 times in every condition. First of all, negative
control or natural control. Secondly, positive control induced by adding 50% Dimethyl
sulfoxide (DMSO) with 50% DMEM 2 mL incubated at 37°C 15 min for live/dead assay
or 10% Dimethyl sulfoxide (DMSO) with 90% DMEM 2 mL incubated at 37°C 2 h for
flow cytometry. DMSO have ability to induce apoptosis and dead cells. Thirdly,
treatment control by He gas blow on cells at flow rate 1 L/min. 60 s. Lastly, DBDJ was
operated only one condition at plasma dissipated power 0.50 W and time exposure
60 s. After experiment cell cytotoxicity assay was monitored immediately and run assay
of all conditions at the same time. Then for data from flow cytometry statistical

analysis were used, results reported and ImagelJ to process fluorescent image.

3.5.1 Hoechst 33342 and Propidium iodide (PI) double stain
Hoechst 33342 (HO) is a kind of blue-fluorescence dye when bound to DNA
both of live/dead cells (excitation/ emission maximum ~350/461 nm). Propidium
iodide (PI) is a red-fluorescence dye when bound to DNA, permeant to dead cells only.

(excitation/emission maxima ~535/617 nm). After DBDJ experiment was removed
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media and add 200 uL double stain HO/PI diluted (1 ug/mL in deionized water) on
coverslip glass incubated at 37 °C for 30 min to activate double stain HO/PI avoiding
exposure to light. After incubated solution was removed, washed by PBS 2 times and
plate coverslip glass on cleaned microscope slide with BosterBio antifade mounting
medium 20 ulL. Live/dead assay of HDFa cell was observed by Olympus BX51
fluorescence microscope. The fluorescent image of HDFa cells magnification at 200x
and 400x were used. For fluorescent imaging of HO/PI have to be taken at the same
spot but using different laser source to excitation HO/PI stains. After both of HO/PI
image were saved, export file, customize the image color in ACDSee Photo Studio

Ultimate 2018 and merge or overlap two images by ImageJ-win64 program.

3.5.2 Muse Cell Analyzer

The Muse Cell Analyzer miniaturized fluorescence detection was used and
microcapillary cytometry for deliver single-cell analysis, which as highly quantitative.
Preferably, when compared with ordinary methods such as microscopy. The high-
performance cell analysis system used microcapillary technology and miniaturized
optics. Detector laser-based fluorescence of each cell event can analyze up to 3
cellular parameters: cell size (forward scatter) and 2 colors (detected in the red and/or
yellow fluorescence). Therefore, Muse furnish more quantitative results than imaging
systems (non-flow based), as it can examine up to two parameters only, take a long
time, and furnish less quantitative data. The Muse cell analyzer system uses
microcapillary and miniaturized optics. For excitation a green diode laser and uniquely
designed series of retro-reflective lenses were used allowing maximum light capture
and sensitivity. Therefore, quantitative data effect of DBDJ to HDFa cells, Muse Cell
Analyzer with Muse Count & Viability Assay Kit and Muse Annexin V and Dead Cell

Assay Kit were used.

3.5.3 Muse Count & Viability Assay
For quantitative analysis of cell count and viability on the Muse Cell
Analyzer Muse Count & Viability assay was used. Both of differentially stains live and

dead cells depend on their permeability to the two DNA binding dyes stain in the
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reagent. Software module automatically calculated and two dot plots shows on
display data. A DNA-binding dye stain with cells that have lost their membrane integrity,
the dye can stain the nucleus of dead and dying cells. This parameter is shown as
viability and is used to differentiate live cells (viable cells that do not stain) from dead
or dying cells (non-viable cells that stain). A membrane-permeant DNA staining dye
stains all cells with a nucleus. This parameter is shown as nucleated cells and is used
to differentiate cells with a nucleus from debris including non-nucleated cells. After
plasma exposed HDFa cells, HDFa cells (6-well plate) was harvested in all conditions
by removed media, washed PBS 2 mL/well and add 2 mL/well 0.025% trypsin-EDTA in
PBS incubated for 5 min 95% air/5% CO, at 37°C. Add complete media 2 mL/well cell
suspension was moved to tube 15 mL for centrifuge. After centrifuge at 1,000 rpm 7
min was media removed, add fresh media 300 uL, added move cell suspension to 1.5
mL microcentrifuge tubes, Add Muse Count & Viability (7-AAD) Reagent 100 uL to each
tube, mixed by vortex mixer and incubate for 5 minutes at room temperature and
avoiding exposure to light. Run assay start at positive control, negative control,
treatment control and plasma treatment respectively. Start at positive and negative
control to set population and threshold of HDFa cells. Set events to acquire of HDFa

cells at 10,000 and export PDF file after all testing for statistical analysis.

3.5.4 Muse Annexin V and Dead Cell Assay

Muse Annexin V & Dead Cell Assay was used for quantitative analysis of
live, early and late apoptosis, and cell death with the Muse Cell Analyzer. The assay
kit was utilizing Annexin V to detect phosphatidylserine (PS) on the external membrane
of apoptotic cells. The marker of dead cell 7-AAD was used as an indicator integrity of
cell membrane structural. It was excluded from live, healthy cells, including early
apoptotic cells. Therefore, four populations of cells in this assay can be differentiated.
First, non-apoptotic cells or healthy cells: Annexin V (-) and 7-AAD (-). Second, early
apoptotic cells (live cells): Annexin V (+) and 7-AAD (-). Third, late stage apoptotic and
dead cells: Annexin V (+) and 7-AAD (+). And last, mostly nuclear debris or necrosis
cells: Annexin V (-) and 7-AAD (+). After DBDJ experiment HDFa cells were harvested in
all conditions by removed media, washed PBS 2 mL/well and add 2 mL/well 0.025%
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trypsin-EDTA in PBS incubated for 5 min 95% air/5% CO, at 37°C. Add complete media
2 mL/well move cell suspension to tube 15 mL for centrifuge. After centrifuge at 1,000
rom 7 min was removed media, add fresh media 100 uL to 15 mL tube, next vortex,
move cell suspension to 1.5 mL microcentrifuge tubes, add 100 uL Muse Annexin V &
Dead cells and mixed by vortex. Incubated at room temperature 20 min and avoid
exposing to light. Then start assay at positive control, negative control, treatment
control and plasma treatment respectively. Start at positive and negative control to
set population and threshold of HDFa cells (live, early apoptosis, late apoptosis and
necrosis or dead cells). Set events to acquire of HDFa cells at 10,000 and export PDF

file after all testing for statistical analysis.

3.5.5 Statistical analysis

After export PDF file report of Muse Count & Viability Assay or Muse Annexin
V and Dead Cell Assay, key data from report in Microsoft Excel 2016 and used for
calculating mean, standard deviation (SD), number of test (n) and standard error (SE).
Next, export file from Microsoft Excel 2016 in form text file (.txt) by first column is
condition number, mean, SD, n, and SE respectively. Then, R-program x64 ver.3.5.1
with R-Studio ver.1.1.456 were used. Significant differences were evaluated by using
repeated measures one-way ANOVA followed by an appropriate post hoc multiple
comparison test (Tukey method). If result compared in each condition, one by one
condition have P-value or probability value < 0.01-0.05 is significant mark * and < 0.01
is significantly mark **. Therefrom, plot graph data in R-Studio and export graph in form
PDF file. Import graph pdf file into Adobe Illustrator CC for editing graph, labeling the
X-Axis and Y-Axis, marking significant bar and adjusting graph scale. After editing graph
finished save graph in form PDF and PNG file for report.



CHAPTER 4
RESULTS AND DISCUSSION

4.1 The Dielectric Barrier Discharge Plasma Jet (DBDJ)

The commercially Bio-Plasma Dielectric Barrier Discharge Plasma Jet (DBDJ) was
operated at input voltage 40 V, output high voltage dc pulse 20 kHz (DBD)), flow rate
of He gas at 1 L/min, intensity at 5 and variation generated repetition rate from 50 Hz
to 110 Hz (plasma level 1 to 7) or converted to plasma dissipated power from 0.27 W
to 0.50 W. For measuring plasma properties of DBDJ oscilloscope was used to calculate
plasma dissipated power and dose, optical emission spectroscopy (OES) to detect

elements in plasma, gas detector NO and Ozone.

4.1.1 Electrical properties

First of all, measuring electrical properties of DBDJ oscilloscope was used
for calculating truly plasma dissipated power applied at different repetition rates 50
Hz to 110 Hz. By finding value of current (/) by the voltage across capacitor (channel
2), area in Figure 13 B and %duty cycle in Figure 12 (A or B), when voltage (channel 1),
frequency (f) in Figure 12 (F), capacity (c), voltage (channel 2) are constant. After that,
we can find truly plasma dissipated power and dose of DBDJ at repetition rate 50 Hz
to 110 Hz, by used the equation (11 and 12).

The Lissajous figure of DBDJ is shown in Figure 13. At applied frequency 20
kHz, the plasma dissipated power at 0.27 W. Therefore, when increasing repetition rate
to DBDJ the percentage of duty cycle, power and dose of DBDJ increased. These factors
have influence on the intensity of radicals in DBDJ. Intensity of radicals in plasma
played an important role for bactericidal and wound healing process.

Figure 14 shown increasing of plasma dissipated power of DBDJ influenced
by plasma level 1 to 7 or repetition rate 50 Hz to 110 Hz. When increasing plasma
level from 1 to 7 (50 Hz to 110 Hz) the value of area (Lissajous figure) and %duty cycle
increased. Leading to plasma dissipated power increased from relative of equation (11)

and DBDJ have a plasma dissipated power maximum at 0.50 W.
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Figure 12 The Lissajous figure of DBDJ at repetition rate 50 Hz or plasma dissipated
power 0.27 W. (A)t = 10 ms, (B)t =5 ms, (O) t = 1 ms, (D) t = 500 us, (E) t = 250 us
and (F) t = 100 us.
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Figure 13 A) The applied voltage signal (channel 1) the voltage across the 1 nF
capacitor (channel 2) and B) the Lissajous figure of DBDJ the plasma dissipated power
at 0.27 W.

Moreover, plasma dissipated power has influence on the intensity of
reactive oxygen nitrogen species (RONS) in DBDJ and its effect on efficiency for
bactericidal. Dose of plasma depend on plasma dissipated power and exposure time
from the equation (12). Table 6 shown relative of DBDJ lv.1 to V.7 or repetition rate

50 Hz to 110 Hz to %duty cycle, area (Lissajous figure), plasma dissipated power and
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dose. Plasma dissipated power and exposure times involves to value of dose as shown
in Table 7. Therefore, Intensity of RONS in plasma and dose of plasma depends on
value of plasma dissipated power and exposure time. They play an essential role in

the efficiency of bactericidal and wound healing process.

0.50 4 |—m— Plasma dissipated power /

0.45

0.40 - /
0.35 - /

0.30 ~ _—

Power (W)

0.25

Plasma level (Lv)

Figure 14 Increasing of plasma dissipated power influenced by plasma level 1 to level

7 (repetition rate at 50 Hz to 110 Hz).

Table 6 Duty%, area (Lissajous figure), plasma dissipated power and dose of DBDJ lv.1

to Wv.7.
Plasma Lv. Duty % Area Power (W) | Dose (J/cm?)
1 0.24 3.08 0.27 0.0195
2 0.23 3.07 0.29 0.0209
3 0.25 2.96 0.31 0.0224
q 0.28 3.18 0.36 0.0260
5 0.32 3.39 0.41 0.0296
6 0.37 3.52 0.48 0.0347
7 0.38 3.24 0.50 0.0361
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Table 7 Relative of dose to plasma dissipated power and exposure times.

Dose (J/cm?)
Power (W)

155 30s 45 s 60 s
0.27 0.29 0.59 0.88 1.17
0.29 0.31 0.63 0.94 1.26
0.31 0.34 0.67 1.01 1.34
0.36 0.39 0.78 1.17 1.56
0.41 0.44 0.89 1.33 1.78
0.48 0.52 1.04 1.56 2.08
0.50 0.54 1.08 1.63 2.17

4.1.2 The reactive oxygen nitrogen species (RONS)

The reactive oxygen and nitrogen species (RONS) played an important role
in bactericidal (Kang et al., 2015). These radicals and electrostatic force of ions break
down bacteria cell, damage DNA and charge particles accumulated leading to cell
rupture or lysis. The main bactericidal that could kill bacteria was RONS. Figure 15
shows the broad range of OES spectra with plasma dissipated power 0.27 W to 0.50
W. The emission spectrum of DBDJ in wavelength range of 200 to 900 nm, found the
peak of NO at 297.61 nm, OH at 308.99 nm, N, at 337.54 nm and He at 706.54 nm as

shown in Figure 16. The NO lines are primarily from the NO A-X () in the ultraviolet
region at wavelength 200 to 300 nm but will very low intensity. The N, C-B (2" positive
system at 334.27 nm) and N*, B-X (1*! negative system at 406.24 nm) was observed
between wavelength 300 to 450 nm because the excitation processes is like the
electron impact excitation from the ground state N, (X122 g+) and the first metastable
state N, (A32 u+) and pooling reaction (Kang S. K. et al., 2015). Also found OH at 308.99
nm and He at 706.54 nm. The Figure 17 showed that when increasing the plasma
dissipated power from 0.27 W to 0.50 W the intensity of RONS increased. The increasing
of NO intensity is significant but ineffective for the intensity of OH in Figure 18.
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Figure 15 The emission spectra of DBDJ with plasma dissipated power 0.27 W to 0.50
W.
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Figure 16 The emission spectra of the plasma dissipated power at 0.50 W.
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Figure 17 The relative of the RONS intensity and the plasma dissipated power.
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The intensity of the OES spectrum increases by increasing the applied

plasma dissipated power as shown in Figure 15 and Figure 17. This result shows plasma

dissipated power at 0.27 W has a low intensity of RONS. At the higher plasma dissipated
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power at 0.50 W higher intensity of RNS and ROS or RONS was found. The intensity on
all of radical in plasma depends on applied plasma dissipated power to DBDJ.
Regarding NO, as seen in Figure 19, NO concentration exhibits a remarkable
increase with the plasma dissipated power, When increased from 1 ppm at 0.25 W to
5 ppm at 0.5 W. Whereas, O; concentration shows an infinitesimal value, less than 0.5
ppm. In biomedical applications, concentration of O3 and NO should not be higher
than 8 h. TWA 0.1 ppm and TWA 25 ppm, respectively, otherwise it could adversely

affect the respiratory system.
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Figure 19 The relative between NO and O; concentration and the plasma dissipated

power.

The existence of these molecules implied curative properties of the studied
plasma because reactive nitrogen species (RNS) and reactive oxygen species (ROS)
known as reactive oxygen nitrogen species (RONS) were found to play an major role in
bactericidal (Kim et al., 2009). RONS have 3 important effects on cells including protein
oxidation, lipid peroxidation and oxidation of DNA. Regarding protein oxidation, ROS
can fragment protein and protein-protein cross-linkages by inducing oxidation in both

amino acid side chains and protein backbones. In lipid peroxidation, RNS/ROS can
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induce electrostatic force in the cell membrane, which therefore steal electron from
the lipids in cell membranes, resulting in cell lysis. With regard to DNA, RNS can induce

DNA deamination leading to strand breaks (Kong et al., 2009; von Woedtke et al., 2013).

4.2 Microbiological test
After knowing about plasma properties of DBDJ, we have to find the best

condition of DBDJ for bactericidal by using prepared spread plate method, samples of
Staphylococcus aureus (S. aureus) TISTR 2329 and Pseudomonas aeruginosa (P.
aeruginosa) TISTR 2370 were used with plasma dissipated power from 0.27 W to 0.50
W and time exposure 15 s to 60 s. Then the best condition was found, only one
condition was selected plasma dissipated power at 0.50 W and time exposure 60 s to

destroy bacteria biofilm by used live/dead assay with fluorescent microscope.

4.2.1 Bactericidal effect of DBDJ

The efficiency of bactericidal S. aureus of DBDJ is shown in Figure 20. At
plasma dissipated power 0.27 W and exposure time 15 s to 30 s nothing happened to
the bacteria and all of them survived. Increasing the exposure time to 45 s some parts
of the bacteria died, almost 30%. At exposure time of 60 s a larger clear zone was
achieved than at 45 s. This exposure time was enough to eradicate bacteria at nearly
809%. At plasma dissipated power 0.50 W and exposure time 15 s some part of bacteria
died but some part survived because exposure time was not sufficient to eradicate all
of bacteria by RONS, ions and radical. When the exposure time was increased to 30 s
more than 80% of the bacteria died and a large clear zone by plasma diffusions was
induced. With exposure time increasing to 45 s and 60 s bacteria death had a larger
clear zone than at 30 s. Bacteria died more than 90% up to 100% at 60 s as well as
has high plasma diffusion due to applying plasma dissipated power to DBDJ to induce

ionization. The intensity of radicals in plasma depends on plasma dissipated power
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and effects to bactericidal as well as exposure time. When studied at high plasma
dissipated power of DBDJ, the efficiency of bactericidal increased at plasma dissipated
power 0.41 W to 0.50 W and exposure time at 45 s to 60 s. By increasing exposure time
from 45 s to 60 s the bactericidal increased as well; from 90% up to 100% as shown

in Figure 21.

The efficiency of bactericidal P. aeruginosa by DBDJ is shown in Figure 22.
At plasma dissipated power 0.27 W and exposure time 15 s to 30 s some part of
bacteria died, clear zone circle occurred. Increasing the exposure time to 45 s the clear
zone expands and exposure time 15 s to 30 s more than 60% of bacteria in this
condition died. Using a time of 60 s, a larger clear zone was achieved than at 45 s and
the exposure time was enough to eradicate bacteria at more than 70%. At plasma
dissipated power 0.50 W and exposure time 15 s more than 60% of bacteria died
because plasma dissipated power at 0.50 W have high intensities of RONS and RONS
play an important role for bactericidal. When the exposure time was increased to 30 s
most of the bacteria died and a large clear zone by plasma diffusions was almost 80%.
With exposure time increasing to 45 s and 60 s bacteria death was 90% up to 100%
had a larger clear zone than at 30 s as well as having high plasma diffusion due to
plasma dissipated power being applied to DBDJ in order to induce ionization radicals.
These times being enough for bactericidal. For bactericidal the intensity of RONS in
plasma depends on applied plasma dissipated power and RONS play an important
role in inactivating bacteria. When investigated at height plasma dissipated power of
DBDJ, the efficiency of bactericidal increased at plasma dissipated power 0.41 W to
0.50 W and exposure time at 45 s to 60 s. By increasing time, the bactericidal increased
as well; from 80% up to 100% when using the exposure time from 45 s to 60 s as

shown in Figure 23.
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Figure 20 The efficiency bactericidal S. aureus of DBDJ, the plasma dissipated power
at 0.27 W and exposure time 15 s to 60 s (a, b, c and d), the plasma dissipated power
at 0.50 W and exposure time 15 s to 60 s (e, f, g and h).
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Figure 21 The percentage efficiency of bactericidal S. aureus by DBDJ.
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Figure 22 The efficiency bactericidal P. aeruginosa of DBDJ, the plasma dissipated

power at 0.27 W and exposure time 15 s to 60 s (a, b, c and d), the plasma dissipated
power at 0.50 W and exposure time 15 s to 60 s (e, f, ¢ and h).
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Figure 23 The percentage efficiency of bactericidal P. aeruginosa by DBDJ.

Comparing the efficiency of bacterial by DBDJ between S. aureus and P.
aeruginosa applied plasma dissipated power at 0.27 W and 0.50 W, exposure time 15
s to 60 s shows in Figure 24. Figure 24 (C) at applied plasma dissipated power 0.27 W

and exposure time 15 s to 30 s in case of S. aureus low efficiency bactericidal of less
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than 15% was monitored. On the other hand, in case of P. aeruginosa high efficiency
bactericidal of more than 40% under the same condition was monitored. However,
when exposure time increases up to 60 s the bactericidal efficiency of both of them
increased more than 70%. Moreover, in Figure 24 (D) when using applied plasma
dissipated power 0.50 W and exposure time 15 s to 30 s in case of S. aureus bacteria
more than 40% and up to 80% died. In addition, in case of P. aeruginosa bacteria died
more than 60% to 80% under the same condition. Consequently, when using exposure
time 45 s to 60 s both of bacteria have high efficiency of bactericidal, being more than
90% and increased to 100% at exposure time 60 s, this because at applied plasma
dissipated power 0.50 W a higher intensity of RONS is created than when a plasma
dissipated power 0.27 W is applied. When increasing exposure time for bactericidal up
to 60 s, this time or dose being enough in order to eradicate both of bacteria by RONS
(Dobrynin et al., 2009).
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Figure 24 The percentage efficiency bactericidal of DBDJ (A) S. aureus with plasma
dissipated power at 0.27 W and 0.50 W, (B) P. aeruginosa with plasma dissipated power
at 0.27 W and 0.50 W, (C) S. aureus and P. aeruginosa with plasma dissipated power
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at 0.27 W and (D) S. aureus and P. aeruginosa with plasma dissipated power at 0.50
W.

Furthermore, it was found that the P. aeruginosa have a higher bactericidal
efficiency than S. aureus under the same condition. Because of the main difference of
the cell wall structure of bacteria. S. aureus is gram-positive bacteria and have cell
wall thickness ranging from 20 to 80 nm and P. aeruginosa is gram-negative bacteria
having cell wall thickness between 1.5 to 10 nm. The outer structure of S. aureus cell
wall is the multi layers of peptidoglycan which is a stronger bonding than the P.
aeruginosa cell wall. P. aeruginosa cell wall consists of phospholipids and
lipopolysaccharides, which is influenced by the polarity. Destruction of peptidoglycan
through external stresses will lead to cell lysis. The outer membrane is more
permeable than the cytoplasmic membrane and the cell wall and therefore
potentially easier to penetrate by DBDJ and henceforth probably leading to a higher
sensitivity of gram-negative bacteria by DBDJ. In addition, the different thickness of cell
wall bacteria effects the diffusion across whereby a thick gram-positive cell wall being
slower than a thin gram-negative cell wall leading to a different sensitivity to DBDJ
(Mai-Prochnow et al., 2016). Therefore, the different thickness of cell wall between
two groups of bacteria, the outer membrane of gram-negative as well as cell
appendices of gram-positive bacteria are an important factor to bactericidal of DBDJ

(Mai-Prochnow et al., 2016; Vollmer et al., 2008).

4.2.2 Effect of DBDJ on bacterial biofilms
DBDJ plasma operated at plasma dissipated power 0.5 W and exposure
time 60 s have high ability to eradicate bacteria shows in Figure 24 (D) and also
destroyed bacterial biofilms in Figure 25 and Figure 26. The fluorescent images both
of S. aureus and P. aeruginosa with double stain Hoechst, Pl and merge. The result
has shown plasma dissipated power at 0.5 W and exposure time 60 s have ability to
destroy bacterial biofilm 100% both of S. aureus and P. aeruginosa in Figure 25 (F) and

Figure 26 (F). Moreover, the cause of bacterial biofilm death at height plasma dissipated
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power 0.5 W and exposure time at 60 s showed the power of plasma or dose of plasma
being enough to eradicate bacterial and destroy bacterial biofilm (Dobrynin et al., 2009)

by interaction to cell wall, cell membrane, DNA damage and leading to cell lysis.

Hoechst 33342 Propidium lodide Merge

S. aureus
Control

DBDJ at 0.50 W, 60 s

Figure 25 Bacterial biofilm S. aureus by Live/Dead assay with double stain Hoechst
33342 and Propidium iodide (PI). Control sample S. aureus (A, B and C) and plasma
dissipated power at 0.5 W with exposure time 60 s for destroy bacterial biofilm
S. aureus (D, E and F).

Hoechst 33342 Propidium lodide Merge

Control

100 pm

P. aeruginosa

DBDJ at 0.50 W, 60 s

Figure 26 Bacterial biofilm P. aeruginosa by Live/Dead assay with double stain Hoechst
33342 and Propidium iodide (PI). Control sample P. aeruginosa (A, B and C) and plasma
dissipated power at 0.5 W with exposure time 60 s for destroy bacterial biofilm

P. aeruginosa (D, E and F).
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The inactivation of CAPP to bacterial is well-known peroxidation of lipids
(Vatansever et al,, 2013) and membrane lipids are the most vulnerable to physical
stresses because the position is outside of the cell envelope and it is sensitive to RONS.
Furthermore, the charged particles in plasma played an important role for bactericidal
with the rupture of bacteria cells wall (Fridman et al., 2007; Guo et al., 2015). When
the charge particles accumulated on outer surface of the membrane being more than
the tensile strength of the membrane it leads to cell rupture by electrostatic force
(Laroussi et al., 2003). If no force exists, the repulsive force will only impact on the
charges and little damage to the cell membrane will occur. The electric field generated
between charge particles have non-uniformity, when time of charge accumulated the
transmembrane potential increases. On the other hand, the ions generated in the CAPP
couldn’t get through the cell membrane. Hence, charge accumulation is still execution.
If the intensity of electric field senerated form charge particles is strong enough it could
change the three dimensional of the protein’s structures, separate out the cell
membrane and be forceless. Thus, the charge particles forming CAPP has the ability to
destroy the proteins and enzymes activity into the cell. Most likely the cytoplasm will
leak out the cell through these holes, which was the reason leading to cell death and

why the cell dies (Guo et al., 2015; Kong et al., 2009).

The result shows that the efficiency of bactericidal increased by increasing
the applied plasma dissipated power and exposure time. When increasing applied
plasma dissipated power of DBDJ the increase of intensity of N,, which depends on
the plasma dissipated power applied to DBDJ, is significant, but increasing the applied
plasma dissipated power is ineffective to intensity of OH. As can be seem, the RNS has
a more important role for bactericidal than RON in this result. RNS induces nitric oxide
(NO) and nitric acid influences bacteria cells because bacteria cannot survive in acidic
conditions (Heinlin et al., 2010; Suschek and Oplander, 2016). Since the important role
of RNS generated NO in host, deference used the exogenous NO as an antibacterial
agent as an assistant in healing contaminated wounds. Acidified nitrite has a strong
antimicrobial ability on bacteria cell leading to cell death. It has commonly been

assumed that the bactericidal effects related to generated nitrous acid and other
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unidentified nitrogenous metabolites, but not to nitric oxide. The DBDJ treatment
prompts the acidic conditions and accumulation of nitrite and hydrogen peroxide.
Consequently, these factors are the main cause for DBDJ to induced toxic effects on
bacteria cell (Suschek and Oplénder, 2016). Especially the generation of peroxynitrite
by nitrite and hydrogen peroxide under acidic conditions play a major role on the
bactericidal effects and high intensity of RNS (N, and NO,) causing bacteria cell deaths.
Additionally, ROS (OH) were responsible for bacterial cell death as well (Rehman et
al.,, 2016). Consequently, the ROS and RNS or RONS play a major role in bactericidal.
Moreover, the electrostatic force in which plasma surrounds bacteria cells had effect
to bactericidal in previously research. When the charged particles accumulated around
bacteria they break down the cell wall and the cell membrane leading to cell rupture

or lysis (Daeschlein et al,, 2012; Guo et al., 2015).

4.3 Human Dermal Fibroblasts adult (HDFa) cells

We found the best condition of DBDJ at plasma dissipated power 0.50 W and
exposure time 60 s, have high potentially to bactericidal and eradicated bacteria
biofilm both of gram-positive bacteria (S. aureus) and gram-negative bacteria (P.
aeruginosa). After that side effect to cell cytotoxicity of this condition were studied. In
this work DBDJ treat on Human Dermal Fibroblasts, adult (HDFa) cells was used. Primary
human dermal fibroblasts are isolated from adult skin and the results monitored. First
of all, observe cell morphology by optical microscope (OM). Then, cell cytotoxicity
assay of DBDJ was monitored by live/dead assay, flow cytometry (Muse cell analyzer)
with Muse count and viability kit and Muse annexin V and dead cell kit. After which
study the effect of DBDJ at the best condition for bactericidal and eradicated bacteria

biofilm in wound healing model to HDFa cells as in vitro.

4.3.1 Cell morphology
The result cell morphology of HDFa cell shows in Figure 27. DBDJ treat on
HDFa cells, cell morphology remains unchanged when compared with negative control

and treatment control. Figure 27 (h) cell morphology are still spindle-shaped and
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looked healthy cells after treat at plasma dissipated power 0.50 W and exposure time
60 s. Any change of HDFa cells morphology was not observed except in Figure 27 (d).
If cells have damage or side effect, cells going to die and morphology of cells would
be changed by shrinkage to sphere, cells detach and death. DMSO have ability to
induce cell death and apoptosis pathway. Therefore, result of HDFa cells morphology
shown DBDJ at plasma dissipated power 0.50 W and exposure time 60 s without side
effect or damage to HDFa cells morphology. The results of optical microscope (OM)
shown only the basics of cell health and morphological of cells. On the other hand,
this technique cannot observe the reaction inside of HDFa cells pathway.
Consequently, we have to do in-depth analysis of HDFa cells by live/dead assay with
fluorescent microscope and flow cytometry (Muse cell analyzer) with Muse count and

viability kit and Muse annexin V dead cell kit.
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Figure 27 Cell morphology of HDFa cells, (a,b) negative control or natural control as
DMEM + 10% FBS, (c,d) positive control as DMEM + 50% DMSO 2 h, (e,f) treatment
control as He gas blow 60 s and (g,h) DBDJ at plasma dissipated power 0.50 W with

exposure time 60 s.
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4.3.2 Live/dead assay of HDFa cells

The fluorescent image of HDFa cells with double stain Hoechst, Pl and
merge. Hoechst 33342 have ability to bind with live/dead cells and Propidium iodide
(PI) is permeant to dead cells only. After merge image together the dead cells will
observe. Figure 28 and Figure 29 have shown DBDJ plasma dissipated power at 0.5 W
and exposure time 60 s (j, k and |) without damage to cells when compared with
negative control as DMEM + 10% FBS (a, b and ¢) and treatment control as He gas 1
L/min blow on cells 60 s (g, h and i) all of this not differentiated. The positive condition
(d, e and f) used DMEM + 50% DMSO for induced cells to cells death for each other

to compared.

Hoechst 33342 Propidium lodide Merge

Treatment Control Positive Control Negative Control

DBDJ at 0.5 W, 60 s

Figure 28 HDFa cells by Live/Dead assay with double stain Hoechst 33342 and
Propidium iodide (PI) at magnification 200x. Negative control as DMEM + 10% FBS (a, b
and <), positive control as DMEM + 50% DMSO 15 min (d, e and f), treatment control
as He gas blow 60 s (g, h and k) and plasma dissipated power at 0.5 W with exposure
time 60 s (j, k and ).
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Hoechst 33342 Propidium lodide Merge

Treatment Control Positive Control Negative Control

DBDJ at 0.5W, 60 s

Figure 29 HDFa cells by Live/Dead assay with double stain Hoechst 33342 and
Propidium iodide (PI) at magnification 400x. Negative control as DMEM + 10% FBS (a, b
and <), positive control as DMEM + 50% DMSO 15 min (d, e and f), treatment control
as He gas blow 60 s (g, h and k) and plasma dissipated power at 0.5 W with exposure
time 60 s (j, k and ).

The fluorescent image of HDFa cells at differential of magnification (200x
and 400x) and spot. The result shows the same trend DBDJ at plasma dissipated power
0.50 W and exposure time 60 s do not induce cells to death not observed significantly.
When compared DBDJ treat on HDFa cells condition with negative control and
treatment control, cell death did not increase significantly in Figure 28 and Figure 29.
Thence, DBDJ operated condition at plasma dissipated power 0.5 W and exposure time
60 s have high potential to killed bacteria and eradication bacteria biofilm without side
effect or damage to HDFa cells. The death of the cell does not appear in cells
morphology image (OM) and fluorescent image. However, although the result from

morphology and fluorescent image shown in the same direction, we cannot draw the
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final conclusion that DBDJ operated without any side effect or damage to cells
including induce program cells death pathway, unless using other techniques to
analyses. In consequence, for quantitative analysis of HDFa cells Muse cell analyzer
was used with Muse Count & Viability Assay (monitored percentage of viable cells and
dead cells) and Muse Annexin V and Dead Cell Assay (monitored percentage of viable

cells, early apoptosis cells, late apoptosis cells and dead cells).

4.3.3 Muse Count & Viability Assay

The result percentage viability of HDFa cells shown in Figure 30 A) HDFa
cells was not dead-induced by DBDJ plasma dissipated power at 0.5 W and exposure
time 60 s with negative control (DMEM + 10% FBS), positive control (DMEM + 10%
DMSO 2 h.) and treatment control (He gas blow 60 s). Figure 30 B) statistical analysis
of percentage cell viability using repeated measures one-way ANOVA followed by an
appropriate post hoc multiple comparison test (Tukey method). The result has shown
plasma dissipated power at 0.5 W and exposure time 60 s, these conditions have high
potential to eradicate bacterial and destroy bacteria biofilm without side effects to
percentage viability of HDFa cells when compared with negative control and treatment
control, all of this not being different after statistical analysis. Positive control used
DMEM + 10% DMSO 2 h for induced cells to dead cells for set threshold and compared

to each other.
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Figure 30 A) Representative figures from flow cytometry of HDFa cells with negative
control as (DMEM + 10% FBS), treatment control (He gas blow 60 s), plasma dissipated
power at 0.5 W with exposure time 60 s and positive control (DMEM + 10% DMSO 2
h). B) Quantitative analysis of percentage cell viability from flow cytometry. Data are

means of 3 replicates and expressed as means + SD. ** indicates P<0.01.

4.3.4 Muse Annexin V and Dead Cell Assay

The percentage total apoptosis of HDFa cells is shown in Figure 31.
Accordingly, the apoptosis profile could distinguish 4 cell populations by this method:
Live cells (Annexin V-/7-AAD-), early apoptotic cells (Annexin V+/7-AAD-); late
apoptotic/dead cells (Annexin V+/7-AAD+); and necrotic cells (Annexin V-/7-AAD+).
Figure 31 A) DBDJ plasma dissipated power at 0.5 W and exposure time 60 s increasing
percentage total apoptosis of HDFa cells slightly but this not significantly after using
statistical analysis in Figure 31 B). The result showed DBDJ plasma did not induce
apoptosis and leading cell to death when compared with negative control and
treatment control. In positive control DMEM + 10% DMSO were used 2 h for induced

cells to apoptosis and dead cells for set threshold and compared to each other.
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Figure 31 A) Representative figures from flow cytometry of HDFa cells with negative
control as (DMEM + 10% FBS), treatment control (He gas blow 60 s), plasma dissipated
power at 0.5 W with exposure time 60 s and positive control (DMEM + 10% DMSO 2
h). B) Quantitative analysis of percentage total apoptosis from flow cytometry. Data

are means of 3 replicates and expressed as means + SD. ** indicates P<0.01.

The result from morphological of cells, live/dead assay, Muse Count &
Viability Assay and Muse Annexin V & Dead Cell Assay shown in the same direction is
DBDJ operated at plasma dissipated power 0.50 W and exposure time 60 s have high
performance to killed bacteria and destroyed bacteria biofilm both of S. aureus and
P. aeruginosa by without side effect and also without damage to HDFa cells
morphology, healthy of cells, percentage of viability cell and not inducing apoptosis
or programed cell death leading cell to death of HDFa cell shown in Figure 27 to Figure

31.



CHAPTER 5
CONCLUSION AND RECOMMENDATIONS

5.1 Conclusion

The DBDJ at plasma dissipated power 0.27 W has a low intensity of RONS. At
the higher plasma dissipated power 0.50 W, higher intensity of RNS and ROS or RONS
were found. The intensity all of RONS and radical in plasma depend on applied plasma
dissipated power to DBDJ. All the death of bacteria increased with plasma dissipated
power and exposure time. The lager clear zones affected by RONS and charge particles
including electrostatic force of ions in plasma play an important role for bactericidal
leading to cell lysis of bacteria. Moreover, the difference of cell wall structure between
gram-positive and gram-negative bacteria are main factors leading to different
sensitivity by DBDJ. The result shows that, DBDJ at plasma dissipated power 0.5 W with
exposure time 60 s have high potential to bactericidal, eliminate bacterial biofilms
both of S. aureus and P. aeruginosa by without side effect and also without damage
to HDFa cells morphology, health of cells, percentage of viability cell and not inducing
apoptosis or programed cell death leading cell to death of HDFa cells in vitro.

Consequently, the best condition of DBDJ are operated plasma dissipated
power 0.50 W with exposure time 60 s, dose in that condition being enough to kill
bacteria, eradicate bacteria biofilm by without damage and also without side effect to

HDFa cells as in vitro is essential for clinical use.

5.2 Recommendations

The DBDJ should be try to be used with other gas besides He gas for so as to
have an alternative. The intensity of radical in plasma will use OES with more
resolution detail or other advance technique for calculating truly electron
temperature, ion temperature and plasma temperature.

For bactericidal effects of DBDJ higher technique should be used to analyses
such a flow cytometry for quantitative data. Bacterial Biofilms shall be used with

confocal microscopy because bacteria biofilm in form do not live only in a single layer
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but they live in form multilayer or agglomerate. Therefore, we need to perform more
detailed analysis effects of DBDJ to bacterial and bacteria biofilm.

In cell cytotoxicity assay cells culture time lapse study should be used to
observe cells, signaling for example every 6 hours. Moreover, other assay has to be
analyzed such as oxidative stress assay, nitric oxide assay and Ki67 proliferation assay;

and if possible, imaging flow cytometry shall be used.
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A.1 Electrical properties

DBDJ was operated at high voltage dc pulse 20 kHz (DBDJ), flow rate of He gas
at 1 L/min and repetition rate 50 Hz to 110 Hz or plasma dissipated power from 0.27
W to 0.50 W. The high voltage waveform was determined using a high-voltage probe
(Tektronix, P6015A). The plasma dissipated power was estimated by Lissajous figure
method or Q-V plot. Where the discharge charge was estimated from the voltage across
the 1 nF capacitor measured by a HV probe (Hantek, T3100) show in Figure Al and

Figure A2 shown plasma glow discharge of DBDJ during experiment.

Figure Al Experiment setup.



66

— — p— e e e

Figure A3 Oscilloscope.

First, save data (duty cycle, frequency, |-V graph and Q-V graph) from
oscilloscope and export graph into USB. The raw data from oscilloscope show in Figure
Ad to Figure A6 and used this data for calculated plasma dissipated power in Table Al.
When value of channel 1, channel 2, capacitor and frequency inside are constant. The
relative between repetition rate at 50 Hz to 110 Hz and plasma dissipated power

shown in Figure AT.
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Figure A4 The duty cycle of DBDJ at repetition rate 50 Hz to 110 Hz or plasma
dissipated power 0.27 W to 0.50 W with time at 5 ms, 2.5 ms and 1 ms.
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Figure A5 The Lissajous figure of DBDJ at repetition rate 50 Hz to 110 Hz or plasma
dissipated power 0.27 W to 0.50 W with time at 10 ms, 5 ms, 2.5 ms and 1 ms.
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Figure A6 The Lissajous figure of DBDJ at repetition rate 50 Hz to 110 Hz.

0.50 4 |—®— Plasma dissipated power /l
]
0.45 <
=~ ]
2 0404
@
2
¢
a [
0.35
0.30 /'
.30 /I
[ ]
0.25 T T T T T T T
50 60 70 80 90 100 110

Frequency (Hz)

Figure AT Increasing of plasma dissipated power influenced by repetition rate at 50

Hz to 110 Hz.



70

Table Al Plasma dissipated power of DBDJ.

f (Hz)
Power (W)

Area average
Delta T (ms)
Duty cycle

Energy per Cycle (E)
Single Loop (ms)
Number of loop
Total loop (ms)

Channel1l

1000 V 50 | 3.085 | 0.0000617 | 31.6 | 2.5 3 7.5 10237 | 0.27

Channel2 | 60 | 3.070 | 0.0000614 | 22.0 | 2.5 2 5 10.227 | 0.29

20V 70 | 2.961 | 0.0000592 | 20.0 | 2.5 2 5 10.250| 0.31

Capacitor | 80 | 3.175| 0.0000635 | 18.0 | 2.5 2 5 10.278 | 0.36

1 nf 90 | 3.393| 0.0000679 | 15.6 | 2.5 2 5 10321041

Frequency | 100 | 3.523 | 0.0000705 | 13.6 | 2.5 2 5 ]0.368 | 0.48

20 kHz 110 | 3.244 | 0.0000649 | 13.2 | 2.5 2 5 (0379 | 0.50

A.2 Reactive Oxygen Nitrogen Species (RONS)

The emission spectrum of RONS and other radicals in plasma was detected by
fiber optic spectrometer led light emission spectra of plasma into system by CCD is
detector. CCD change light emission spectra signal to digital signal shows on computer
display by program controller AvaSoft version 7.4. After saved OES data open file with
Microsoft Excel, copy data to plot graph and mark peaks in OriginPro 2016. The
emission spectra of the plasma dissipated power at 0.27 W to 0.50 W show in Figure

A8 to Figure Al4.



Table A2 Intensity RONS of DBD at plasma dissipated power 0.27 W to 0.50 W.

Figure A8 The emission spectra of the plasma dissipated power at 0.27 W.
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Figure A9 The emission spectra of the plasma dissipated power at 0.29 W.
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Figure A10 The emission spectra of the plasma dissipated power at 0.31 W.

72



1 0.36 W
16000

12000 N C-B I?‘ positive band)

N (337.54)

Intensity (a.u.)

o
]
~
15
s
z

N B-X (1 negative band)

N (316.15)

OH (308.99)

He (706.54)

. . . .
200 400 600 800
Wavelength (nm)

Figure A11 The emission spectra of the plasma dissipated power at 0.36 W.
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Figure A12 The emission spectra of the plasma dissipated power at 0.41 W.
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Figure A13 The emission spectra of the plasma dissipated power at 0.48 W.
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Figure A14 The emission spectra of DBDJ with plasma dissipated power 0.27 W to 0.50

W.
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Table A3 Concentration of NO and O; at plasma dissipated power 0.27 W to 0.50 W.

Power (W) | NO (ppm) | Oz (ppm)
0.27 1.17 0.10
0.29 1.42 0.14
0.31 2.03 0.20
0.36 2.85 0.25
0.41 3.46 0.30
0.48 4.32 0.36
0.50 5.14 0.40
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B.1 Bacteria preparation

Samples of Staphylococcus aureus (S. aureus) TISTR 2329 and Pseudomonas
aeruginosa (P. aeruginosa) TISTR 2370 were obtained from Thailand Institute of
Scientific and Technological Research (TISTR). The sample bacteria of S. aureus and P.
aeruginosa bacteria were grown in 5 mL Nutrient Broth (NB) in the meantime orbital
shaker 150 rpm in incubator at 37 °C for 24 h to obtain a bacterial density of
approximately 1x10" to 1x10® CFU/mL. Next 24 h was used serial dilution to 10™ for
S. aureus and P. aeruginosa before prepared in Nutrient Agar (NA). Then prepared S.
aureus and P. aeruginosa was used spread plate method with 200 ulL for DBDJ
experiment. After that DBDJ treatment S. aureus and P. aeruginosa incubated at 37 °C
for 24 h and investigate result of DBDJ treatment by used Colony Forming unit (CFU)

method to counted.

B.2 Bactericidal

The result after plasma expose on bacteria (S. aureus and P. aeruginosa) show
in Figure B1 and B2. Table B1 and Table B2 show percentage efficiency bactericidal of
DBDJ. The percentage efficiency bactericidal S. aureus and P. aeruginosa with plasma

dissipated power at 0.27 W and 0.50 W show in Figure B3.
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Figure B1 S. aureus after exposure by DBDJ.
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Figure B2 P. aeruginosa after exposure by DBDJ.
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Table B1 Percentage of Efficiency bactericidal S. aureus by DBDJ.

Power (W) | Time15s | Time30s | Time45s Time 60 s
0.27 8.0 131 29.0 78.1
0.29 9.2 18.3 63.3 79.0
0.31 12.3 24.4 64.2 84.2
0.36 144 51.5 67.3 85.4
0.41 36.2 53.1 76.2 94.5
0.48 39.3 82.3 92.2 100.0
0.50 41.0 84.0 92.9 100.0

Table B2 Percentage of Efficiency bactericidal P. aeruginosa by DBDJ.

Power (W) | Time15s | Time30s | Time45s | Time 60 s
0.27 40.2 a7.5 60.4 72.1
0.29 45.1 56.0 66.3 79.6
0.31 48.4 61.4 69.2 81.0
0.36 56.5 61.5 73.0 89.5
0.41 59.7 69.0 82.2 96.6
0.48 60.6 719 90.2 100.0
0.50 65.8 79.4 93.0 100.0
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Figure B3 The percentage efficiency bactericidal S. aureus and P. aeruginosa with

plasma dissipated power at 0.27 W and 0.50 W.
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C.1 Bacteria biofilm preparation

The bacterial biofilms both of S. aureus and P. aeruginosa were prepared in
NB, after incubated at 37 °C for 24 h to have density of approximately 1x10” to 1x10°
CFU/mL. Prepare 12 mm sterilized coverslip glass in 12-well plate with 0.1% of gelatin
in Phosphate Buffered Saline (PBS 1X, pH 7.4) 30 min at 4 °C for coated before use.
After 30 min, removed solution, wait for coverslip glass dry and then add bacteria to
12-well plate at 1 mL/well. The bacteria samples were incubated at 37 °C for 48 h and
NB had to be changed every 24 h. After 48 h removed NB, plasma exposure on bacteria
samples was carried out at plasma dissipated 0.50 W and exposure time 60 s.
Live/Dead assay method with double stain Hoechst 33342 and Propidium iodide (PI)
was used to monitored immediately after treatment. Prepared double stain HO/PI
dilute in deionized water to 1 ug/mL and add 200 uL on coverslip glass incubated at
37 °C for 30 min to activate double stain HO/PI avoid exposing to light. After incubated
was removed solution, wash PBS 2 times and plate coverslip glass on cleaned
microscope slide with BosterBio antifade mounting medium 20 uL. Performance of
DBDJ to destroy bacteria biofilm was observed by Olympus BX51 fluorescence
microscope show in Figure C.1. The magnification for bacteria biofilm image at 1000x
was used oil immersion lens with ZEISS Immersion Oil 518 N. For fluorescent imaging
of HO/PI have to take at the same spot by used different laser source to activated
HO/PI stains. In case of HO have ability to bind both of live and dead cell was used
ultraviolet excitation at 405 nm, after emission spectrum maximum at 461 nm in blue
fluorescence. In case of Pl was used for bind with DNA stain only dead cell and PI
cannot cross the membrane of live cells, used laser wavelength 488 nm to excitation
and emission maximum at 617 nm in red fluorescence. After saved both of HO/PI
image, export file, customize the image color in ACDSee Photo Studio Ultimate 2018

and merge or overlap two images by ImageJ-win64 program.
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Figure C1 Olympus BX51 fluorescence microscope.

C.2 Fluorescence image processing

Export JPEG file from computer, customize the image color in ACDSee Photo
Studio Ultimate 2018 by adjust Exposure, Highligsht Enhancement, Fill light, Contrast,
Saturation and Vibrance show in Figure C2 to Figure C5. After optimize both of
fluorescent image and save image. Then, open 2 image in Imagel-win64 program,
merge 2 image by Image/Color/Merge Channels and the Merge Channels box will
appear. Select the fluorescent images in the appropriate R, G and B channels and the
DIC or similar image in gray channel. Select “Create Composite”, click “OK” and save

picture show in Figure C6 to Figure C9.
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Figure C3 After customize the image color by ACDSee Photo Studio Ultimate 2018.
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Figure C5 After customize the image color by ACDSee Photo Studio Ultimate 2018.
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D.1 Cell culture

Human Dermal Fibroblasts, adult (HDFa) cells Cat. no. C-013-5C purchased from
Cascade Biologics™ invitrogen cell culture (GIBCO invitrogen cell culture). Primary
human dermal fibroblasts are isolated from adult skin, cryopreserved at the end of
the primary culture. Morphology of HDFa cells are spindle-shaped (cells are bipolar
and refractile) and passage of HDFa cell for experimented not more than passage 12.
Before plasma exposure, HDFa cells were have 70-80% confluence, media cover

around 2 mm. and gab between DBDJ and cells at 5 mm.

HDFa cells were cultured in 10% Fetal Bovine Serum (FBS) with Dulbecco's
Modified Eagle Medium (DMEM) high glucose supplemented and Antibiotic-Antimycotic
(1X) - Thermo Fisher Scientific (Thermo Fisher Scientific, Inc., Waltham, MA, USA) in a
humidified atmosphere containing 95% air/5% CO2 at 37°C. HDFa cells were grown to
70-80% confluence, before removed media and washed by Phosphate Buffered Saline
(PBS 1X, pH 7.4) 2 times, harvested by add 1 mL (T-25 flask) or 2 mL (T-75 flask) 0.025%
trypsin-EDTA (Thermo Fisher Scientific, Inc.) in PBS incubated for 5 min 95% air/5% CO,
at 37°C. Add complete media (DMEM+10%FBS), after trypsinization and move cell
suspension to tube 15 mL for centrifuge. After centrifuge at 1,000 rpom 7 min was
removed media, add fresh media seed cells to 6-well plate at volume 2 mL/well for
flowcytometry and 12-well plate at volume 1 mL/well on coverslip glass diameter 10
mm. for Live/Dead assay, HDFa cell had confluence 25-30% and changed media every

48 h. Then HDFa cells before experiment were have confluence, 70-80%.

D.2 Live/Dead assay

After DBDJ experiment was removed media and add 200 uL double stain HO/PI
diluted (1 ug/mL in deionized water) on coverslip glass incubated at 37 °C for 30 min
to activate double stain HO/PI avoid exposing to light. After incubated was removed

solution, washed by PBS 2 times and plate coverslip glass on cleaned microscope slide
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with BosterBio antifade mounting medium 20 ulL. Live/dead assay of HDFa cell was
observed by Olympus BX51 fluorescence microscope. The fluorescent image of HDFa
cells were used magnification at 200x and 400x. For fluorescent imaging of HO/PI have
to take at the same spot but used different laser source to excitation HO/PI stains.
After saved both of HO/PI image, export file, customize the image color in ACDSee
Photo Studio Ultimate 2018 and merge or overlap two images by Imagel-win64

program same as bacteria biofilm (Fluorescence image processing).

D.3 Muse Cell Analyzer

The Muse Cell Analyzer uses miniaturized fluorescence detection and
microcapillary cytometry to deliver single-cell analysis, which is highly quantitative
especially when compared with traditional bulk methods like microscopy and Western
blot. The system delivers high-performance cell analysis using a microcapillary
technology and miniaturized optics which occupy one-tenth the space of a typical
cytometer. Laser-based fluorescence detection of each cell event can evaluate up to
3 cellular parameters. The Muse Cell Analyzer uses miniaturized fluorescent detection
and microcapillary technology to deliver truly accurate, precise, quantitative cell
analysis compared to other methods. Laser-based fluorescence detection of each cell
event can evaluate up to 3 cellular parameters - cell size (forward scatter) and 2 colors
(detected in the red and/or yellow channels). The Muse Cell Analyzer show in Figure

D1.
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Figure D1 Muse Cell Analyzer.

D.4 Muse Count & Viability Assay

The Muse™ Count & Viability Reagent allows the quantitative analysis of cell
count and viability on the Muse™ Cell Analyzer. It is a rapid and reliable alternative to
trypan blue exclusion. The Muse™ Count & Viability Reagent provides absolute cell
count and viability data on cell suspensions from a variety of cultured mammalian cell
lines. Both viable and non-viable cells are differentially stained based on their
permeability to the DNA-binding dyes in the reagent. Data generated with the Muse™
Count & Viability Software Module provides: viable cell count (cells/mL), total cell

count (cells/mL) and % viability of sample.
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D.5 Staining Protocol of Muse Count & Viability Assay

1. Prepare a uniform cell suspension for counting. Be sure adherent cells are
completely removed from flasks and are well mixed. NOTE: Accurate cell counting
requires the even distribution of the cells within suspensions. Gently but thoroughly
mix all suspensions during all dilution and staining steps and before loading samples
onto the system for analysis. Do not vortex samples vigorously as sample can splash

out, resulting in erroneous cell counts.

2. Prepare stained cell samples by mixing cells with Muse™ Count & Viability
Reagent in a sample tube. Accurate cell counting occurs at a concentration range of 1

x 10* cells/mL to 5 x 10° cells/mL in the stained sample.

- If you know the approximate concentration of the original cell suspension, refer to

the following table as a dilution guide.

Table D1 Cell Suspension Dilution Table (recommended volumes).

Count
Concentration of Cell & Concentration
Dilution
Original Cell Suspension | Viability of
Factor
Suspension Volume Reagent | Diluted Cells
Volume
1x10° to 1x10° cells/mL 10 50 uL 450 ul | <1x10° cells/mL
1x10° to 1x10" cells/mL 20 20 uL 380 uL | <5x10° cells/mL
1x10" to 2x10" cells/mL 40 20 ul 780 uL | <5x10° cells/mL

- If you do not know the approximate concentration of your original cell suspension,

prepare a stained cell sample by mixing with Muse™ Count & Viability Reagent at a 20-
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fold dilution (for example, 20 ulL of cell suspension into 380 ulL of Count & Viability

Reagent).

- If the original concentrations are >2 x 10" cells/mL, then results are out of the
measurement range. Samples can be prepared with an 80-fold dilution of the original
cell suspension and reacquired. Or, the original cell sample can be diluted with PBS
or media before repeating the assay with the guidelines above. In this case, be sure to
account for both dilutions by multiplying the dilution factors. For example, if you dilute
your original sample 1:10 with PBS, then dilute the sample 1:10 with Count & Viability

reagent during sample preparation, the final dilution factor is 100.

- If the final concentration of the stained cell sample for data acquisition is too

concentrated (>5 x 10° cells/mL), the cell count may not be accurate.

3. Allow the cells to stain for a minimum of 5 minutes. Run assay start at
positive control, negative control, treatment control and plasma treatment

respectively.

Table D2 Percentage of viability HDFa cells.

Conditions % Viability SD N SE
Negative control 97.30 1.09 3 0.63
Positive control 82.15 1.86 3 1.07

Treatment control 97.82 0.34 3 0.20
DBDJ at 0.5 W, 60 s 95.12 1.78 3 1.03
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Figure D2 Muse Count & Viability profile.

D.6 Muse Annexin V and Dead Cell Assay
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The Muse™ Annexin V & Dead Cell Assay allows for the quantitative analysis of

live, early and late apoptosis, and cell death on both adherent and suspension cell

lines on the Muse™ Cell Analyzer. Minimal sample preparation is required in this no-

wash, mix-and-read assay to obtain accurate and precise results. The software

provides: Concentrations (cells/mL) for live, early apoptotic, late apoptotic, total
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apoptotic, and dead cells, Percentage of live, early apoptotic, late apoptotic, total

apoptotic, and dead cells.

D.7 Staining Protocol of Muse Annexin V and Dead Cell Assay

1. Allow the Muse™ Annexin V & Dead Cell Reagent to warm to room

temperature.
2. Add 100 uL of cells in suspension to each tube.

NOTE: You must have cells in suspension with at least 1% BSA, 1%, FBS, or 10% filtered

NHS when performing this assay. Make sure to stain positive and negative controls.
3. Add 100 uL of the Muse™ Annexin V & Dead Cell Reagent to each tube.

NOTE: Should your induced cells express large amounts of PS, it may be necessary to
add more reagent. You can add up to 150 uL of the Annexin V & Dead Cell Reagent to
each tube. If you need to use more reagent for optimal staining, then it is better to
decrease the volume of medium that the cells are in from 100 uL to 50 uL and add

between 150 uL to 175 uL (up to 200 uL) of the reagent.

4. Mix thoroughly by pipetting up and down or vortexing at a medium speed

for 3 to 5 seconds.

5. Stain samples for 20 minutes at room temperature in the dark. Then start
assay at positive control, negative control, treatment control and plasma treatment

respectively.



Table D3 Percentage of viability, apoptosis and dead cells.

Live Apoptotic | Apoptotic/ | Dead Total
Conditions
(LL) (LR) Dead (UR) | (UL) | Apoptotic
Negative control 94.32 2.14 3.01 0.53 5.15
Positive control 50.57 3.80 42.75 2.87 46.56
Treatment control 95.34 1.93 2.33 0.40 4.26
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1 2 3
4 APOPTOSIS PROFILE 4 APOPTOSIS PROFILE 4 APOPTOSIS PROFILE
Dead Late Apop./Dead Dead Late Apop./Dead Dead Late Apop./Dead
Negative 0.39 % 257 % 0.73 % 323 % 0.48 % 3.22%
34 34 34
Control & g E
o 24 m 23 o 24
=z = =z
= = =
(DMEM+ ] N 5
221% 1.87 % 233%
100/0FBS) 0 Early Apop. 0 Early Apop. 0 Early Apop.
0 3 4 0 2 34 0 34
Live ANMNEXIN V- Apoptotic Live ANMEXIMN V- Apcptotic Live ANMEXIN WV  Apoptetic
APOPTOSIS PROFILE 4 APOPTOSIS PROFILE APOPTOSIS PROFILE
Dead ate Apop.J/Dead Dead Late Apop./Dead Dead ate Apop./Dead
Positive 389.12% 3.01 % 41.89 % 4725 %
3] S 2] .. 2] -
Control E E E
T 23 o 23 T 24
= = =
= 1 = =
(500/0 14 14 14
: 471 % 316 % 354%
DMSO) 0 Early Apop. 0 Early Apop. 0 Early Apop.
0 304 0 34 o 1 2 3 4
Live AMMEXIMN W Agoptotic Live ANMEXIN V- Apoptotic Live AMMEXIN Y Apcptotic
APOPTOSIS PROFILE 4 APOPTOSIS PROFILE 4 APOPTOSIS PROFILE
Dead ate Apop./Dead Dead Late Apop./Dead Dead |Late Apop./Dead
Treatment 261% 0.25 % 238 % 0.34 % 1.99 %
34 ’ 34 - 34
Control & ) 5 2 5 2
m <3 m <3 m <7
=z = =z
= = =
(He gas 14 14 1
2.06% 173 % . 200%
blOW 60 5) 0 © Early Apop. 0 Early Apop. 0 Earty Apop.
0 2 3 4 0 2 3 4 0 2 3 4
Live ANNEXIN WV Apoptotic Live ANMEXIN V- Apoptotic Live ANMEXIN V' Apoptotic
4 APOPTOSIS PROFILE 4 APOPTOSIS PROFILE 4 APOPTOSIS PROFILE
ate Apop.J/Dead Dead ate Apop./Dead
3.90 % 3.65%
34 34 a4
DBDJat 5, 5 5
o m o
=S = =
= = =
0.5W,60s 1 N N
453 % P 3.40 % 417 %
0 Earty Apop. 0 Early Apop. ML Earty Apop.
01 ' ' 0 34 0 '
Live Live ANMEXIMN V- Apcptotic L

Figure D3 Muse Annexin V and Dead Cell profile.
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D.8 Statistical analysis

After export PDF file report of Muse Count & Viability Assay or Muse Annexin V
and Dead Cell Assay in Figure D4 and Figure D5, key data from report in Microsoft Excel
2016 and used for calculating mean, standard deviation (SD), number of test (n) and
standard error (SE) in Figure D6. Next, export file from Microsoft Excel 2016 in form text
file (.txt) by first column is condition number, mean, SD, n, and SE respectively in Figure
D7. Then, were used R-program x64 ver.3.5.1 with R-Studio ver.1.1.456. Significant
differences were evaluated by using repeated measures one-way ANOVA followed by
an appropriate post hoc multiple comparison test (Tukey method). If result compared
in each condition, one by one condition have P-value or probability value < 0.01-0.05
is significant mark * and < 0.01 is significantly mark ** in Figure D8 to Figure D11.
Therefrom, plot graph data in R-Studio and export graph in form PDF file in Figure D12.
Import graph pdf file into Adobe Illustrator CC for editing eraph, labeling the X-Axis and
Y-Axis, marking significant bar and adjusting graph scale in Figure D13. After editing graph

finished save graph in form PDF and PNG file for reported.
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Abstract

The atmospheric pressure plasms technigue has been recognized in health care for disinfection in
wounds a5 well as that it can enhance wound healing and reduce pain in patient without side effects. In
this stndy, Ddelectric Barrier Discharge Plasma Jets (DBDTs) were used for bactericidal in vitto as well as
the efficitency of bacteria killing were investigated wsing gram positive bacteria, Staphyiococcus durens
(5. dureus). The DBDJs plasma used He gas at flow rate at 1 L'min  pulse repetiion rate between 50 to
110 Hz and exposure time 15 to §0 s for bactericidal The smdies of DBDJs utilized an Optical Emission
Spectroscopy (OES) to identify radical species in the plasma. The results of the OES stdies showed in
DEBEDJs plasma My, M0, He snd OH radical groups were found. These radicals in plasma played an
important role in bactericidal, inclnding wound hesling. The intensity of radical in plasma depends on the
repetition rate applied by the plasma system. After DBDJ: plasma exposure, plates were incubated at 37
*C. Fepefition rate and time of plasma exposure were drastically reduced With the increase in the
repetiion rate over 104 Hz or exposure time up to 60 s for bactericidal, the reduction of bacteriz was
increased up to 100 % The larze clear zone showed the efficiency of bacteria killed ability of the plasma.

Eevywords: Amospheric pressure plasma, dislectric barmer discharge plasma jets, bactericidal, chromic
wounds, 5. durens

Intreduction

Bacteria are prokaryotic micro-organisms which bave grest adaptsbility to changing environments.
They can canse dizeases including chronic wound, meningitis, pnenmenia etc. Bacteria are divided into
2 major groups: gram positive and gram npegative, based oo their cell wall stuchre. Gram-positive
bacteria have 3 relative thick peptidoglycan cell wall, whereas gram-negafive bacteria have a thinner
peptidoghycan cell wall and an outer membrans contzining lipopolysaccharide and protein [1]. One of the
gram-positive bacteria is Staphyviloceccns dwrens (50 dwrens) 5 dwrens can csuse a broad vanety of
infections, ranging from minor infactions of the skin to post-operative wound infections. The adaptve
power of 5. Aurens to antibiotics leads to the emergence of Methicillin-Resistant Staphylococcus dureus
(MESA). MESA is the most commaonly identified chronic woumds [2] that may cause sepsis sand deaths
Thersfore, alternative technigues to stop the sTowing bacteriz antibiotic resistant are proposed. Omne of
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those technigues 1z Cold Amospheric Pressure Plasma treatment (CAPP). CAPP was widely smudisd and
reported to have high efficiency to eradicate 2 wide range of pathogens such as fimgi wirnses and bacteria
(zram-positive and gram-negative bacteria) including MESA [2].

The CAPP used in medical field have becoms a rapidly developing interdizciplinary fisld that
brings a new innowvative approach in 2 broad range of biomedical applications [3]. Atmospheric pressure
plasma can be operated at an excitation fraquency either in the several tens of kilohertz ac range {or
pulsed mode) or in the Fadio Frequency (BF) ranze [4]. It has been shown to inactivate many different
animalrules ncluding bacteriz, fimgus, cancer diseasss, proteinacecns matters and genetic DMA [5)
Different designs have been propesed and investizated to utilize CAPP in medical applications. CAPP has
to be operated at ambient tempsratores and low cwrent without harmful chemicals [§). It is advisable the
baszic of physical and chemical properties in plasma mcluding power deposition and consumption,
electromagnetic, electrical characteristics, optical emission specoTum, gas temperamire and other
parameter should be delicately mamipulated [7]-

Materials and methods

Samples of 5. dwrens TISTR 2319 were obtained Som Thailand Institute of Scientific and
Technological Research (TISTE). The 5 durens bacteria were growm in 5 ml nuirient broth (WB) to
obimin 2 bacterial density of approximately 1107 to 1210° CFU/Am] at 37 *C for 24 b The grown bacteria
were then diluted with serial dilution to 10 and spread onte mutrient agar plates (MA). Plasms exposure
on 5. durews was carmied out using 3 Dielectric Barrier Discharge Plasma Jets (DBDIs) of Photo Bio Care
Co. Ltd, Thailand [8]. Plasma was generated at repetiion rate between 50 to 110 Hz time exposurs 15 to
60 5 and flow rate of He zas of | V'min Optical Emission Spectroscopy (OES, Fiber Optic Specrometer:
AvaSpec-2048) was applied to detect radical species in the plasma fame. The high veltage waveform
was determined by use a high-voltage probe (Tekmonix, PS015A). The plasms power was estimated by
Lissgjous figure [9], whiles the discharpe charge was determined by a HV probe (Hamtek, T3100).
Following plasma exposure, the bactericidal efficiency was observed using Colony Forming Unit (CFU)
msthod. Data of bactericidal efficiency was statistically interpreted.

Resolts and discmssion

As seen in Figure 1, the smongest OES spectrum of DED s corresponding to MO, OH, M; and He is
found at 297.61, 30899, 337.54 and 70954 nm, respectively. The emission spectum has a bread
wavelength ranging from 204 to 00 om The NO peaks lying between 200 - 300 mm are primarily from
the WO A-X (y) in the ulraviolet region. However, their intensity is very low. The N, C-B (2™ positive
system at 334.27 nm) and N, B-X (1 negative system st 406.24 nm) are observed at wavelength ranging
from 300 to 450 nm, which could result from the excitation processes; the electron excitation from the
groumd state N, (X1I z+) and the first metastable state M, (A3T u+) and pooling resction [10]. The
existence of these molecules implied curative properties of the studied plasms because reactive nitrogen
species (FM5), reactive oxygen species (F05) and reactive oxygen nimogen species (FONS) were found
to play an important rele in bactericidsl reactions [10].

BMS and FOS have 3 important effects on cells including protein oxidation, lipid peroxidation and
oxidation of DMNA. Fegarding protein oxidation ROS can fragment protein and protein-protien
crosslinkages by inducing oxidation in both amine acid side chains and protein backbones. In lipid
peroxidation, BWSFOS can induce electrostatic force in the cell membrane, which therefore stesl
electron from the lipids in cell membranes, resulting in cell bysis. With regard to DMA, RIS can induce
DNA deamination leading to strand breaks [11,12].

In sddifion. as sesn in Fignre 2, intensity of the OES spectra increases with the applied pulse rats.
Figure 3 shows variation in OES intensity of MO and OH It is also found that the intensity of both
mcreases Wwith the applied pulse rate. The increase in OES intensity could result from higher
decomposition of the active species at higher pulse rate, indicating bactericidal performance of plasma
can be imcreased by increasing the applied pulse rate.

410 walailak | 5ci & Tech 2019; 16(6)
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The Lissgjous fizure of DBDI: is shown in Figore 4. It is observed that pulse rate 3t 50 Hz with
dury cycle at 34.7 delivered power of 1.96 watt which was equivalent to dess of 1.17 Yem® [9]. Pulse rate
ar 110 Hz with dury cycle at 43.3 delivered powar of 2.31 watt that was equivalent to dose of 2.17 Tiem'.
This suggests that increasing the pulse rate and percentage of duty cycle can increase powsr and dose of
DEBDIs, which therefore can increase radicals in DEDJs.

Evalustion of antibacterial activity of DBDJs iz shown in Figure 5 It iz observed that there is no
‘bacteria inhibition zone in Figures 5a and Sb, indicating that DBDTs with pulse rate at 50 Hz and time of
exposure of 15-30 5 does not exhibit bactericidal manner. However, as seen in Figures Sc - §h, the

412 walailak J 5¢i &
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bacteria inhibifon zone becomes wisible and increases with repetition rate and time of exposure. This
reveals that DBEDJs were potentially effective in suppressing microbial zrowth when repetiion rate and
tdme of exposure was increased. This finding i= consistent with bactericidsl efficiency which was
evalated by CFU mathod (Figure 6). It is seen thet bactericidal efficiency incresses with both repetition
rate and time of exposure. The increase in antibacterial activity demonsirates an incresse of antibacterial

Figure § Efficiency of DBDJs to bactericidal (a, b, ¢ and d} at repetition rate 50 Hz and time of exposare
15-60 5, (e, £ g and h) at repetition rate 110 Hz and time of exposore 15 - 60 s.
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Figure 6 Percentage of bactericidal efficiency.
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Conclusions

The DBDJs generated WO, OH, N; and He species which belong to RONS group and their intensity
mcreased with plasma power. Bactericidal efficiency was dependent on repletion rate and time of
exposurs: antibacterizl activity of the DBDJs mereasad with dose rate.
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Abstract. The cold atmosphenc pressure plasmas (CAPPs) techmique have been recogmized m
health care for wound healing enhancement while the patient’s pain relieving without side effects.
In this study, dielectric barmer discharge plasma jet (DBDJ) was used for bactericidal. This cold
plasma jet is driven by high voltage de pulse at 20 kHz and using 1 L/min of helium (He) as plasma
gas. The DBDT plasma was vaned the plasma dissipated power from 0.27 to 0.30 watt and the
treatment time 13 to 60 s. Plasma radical species were utilized by using an optical emission
spectroscopy (OES). The results of the OES study was found NO and OH radical groups which is
an important role of bactericidal and wound healing. The increasing of radical plasma density
depends on the dissipated power. The Colony Forming vt (CFU) method was used to monitor the
efficiency of bacteria killing. Staphylococeus Aureus (5. aureus) and Prendomenas Aeruginosa (P.
aeruginesa) were used for in vitro bacteria killing test. The results showed that the dissipated power
and treatment time were affectively factors for bactericidal. When increasing the plasma dissipated
power at 0.30 watt and treatment fime to 60 s, the effect of bactenia killing was increased up to
100%.

Introduction

Bacteria are prokaryotic micro-organisms, it has great adaptability to the environment and is the
main cause of illnesses. wound infections. including chronic wound, meningifis, pneumonia etc.
The difference of the cell wall structure bacteria can be divide into two groups. Gram-positive
bactenia have a relative thick peptidoglycan (20 to 20 nm} cell wall, while gram-negative bactena
have a thinner peptidoglycan (= 10 nm) cell wall [1, 2]. The difference of bacterial cell wall lead to
different properties to the cell, especially the cell responses to extemnal stressors such as a heat, UV
radiation and also antibiotics [2]. One of the gram-positive bacterial strains 1s 5. auwreus and gram-
negative bacterial strains is P. aeruginosa. These are causing public health concerns in the
postsurgical patient population. The 5 aureus, P. geruginosa mchiding methicillin-resistant
Staphylococcus aurens (MESA) are the most commonly identified bactenmum m wounds [3],
including bemng the cause of a range of sickness from skin and wound infections, pneumonia with
empyema and bacteremia that may cause of sepsis and death. Therefore, an altemative technique to
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stop the growing bactera antibiotic resistant are required. The physical techmique such as the
CAPPs technique are report an efficiency against antimicrobial and a wide range of pathogens such
as fungl, vimses and bactena including antibiofic resistant bactenia such a MESA. The CAPPs in
medical field has become a rapidly developing mterdisciplinary field that bnngs a new innovative
approzch in a broad range of biomedical applications [4]. For medical applications, the plasma
temperature should be at room temperature without any electneal and chemical harm. The CAPPs
sources have been operated at an excitation frequency, either n the several tens of kilohertz ac
range or 1n the radio frequency (BF) range. Because of vanous design configurations and operation
conditions of plasma, the factors controlling discharges, for instance temperature, charged particle,
ion, electromagnetc field and radical species are obwvious. For suitable contrel of the plasma
treatment processes, 1t 15 mmportant to understand the basics of physical and chemmeal properties in
plasma, such as power deposition and consumption, electromagnetic, electrical characteristics,
optical emission spectrum, gas temperature and other parameter in plasma [3]. They play important
reles in bactericidal by CAPPs.

Materials and methods

The emission spectrum of this plasma jet was detected by broadband CCD spectrometer (Fiber
Ophic Spectrometer: AvaSpec-2048). The hugh voltage waveform was determined by using a lugh-
voltage probe (Tektronix, P6013A). The plasma dissipated power was estimated by using Lissajous
figure [6], where the discharge charge was estimated from the voltage across the 1 nF capacitor
measured by a HV probe (Hantek, T3100). The NO and O3 concentration were measurement by
using the two gas detectors (Shenzhen YuanTe Technology); model SKY2000-NO for measuring
NO concentration and moedel SKY2000-0; for measuring O; concentration. The bactericidal
efficiency was observed by using Colony Forming unit (CEU) method. Samples of 5. aureus TISTE
2329 and P. asruginosa TISTRE 2370 were obtained from Thaland Institute of Scientific and
Technological Research (TISTE). The sample bacteria of 5. aureus and P. aeruginosa will be
prepared in mutrient broth (WB) 3 ml and orbital shaker 150 rpm in incubator at 37 °C for 24 hr.
After 24 hr. 5. aureus and P. aeruginosa in NB have density of approximately 1x107 to 1x10°
CFU/mL and dilute with serial dilution to 10™ before prepared in nutrient agar (NA).

Resulis and discussion

The Lissajous figure of DBDJ is shown in Fig. 1. At applied frequency 20 kHz, the plasma
dissipated power at 0.27 watt. Therefore, when increasing frequency to DBDIJ the percentage of
duty cycle, power and dose of DBDJ increased. These factors have influence on the mtensity of
radicals in DBDJ. Intensity of radicals in plasma play an important role for bactericidal.

DR b
REAALAR AL ALY

SRR Mg ST
Figure 1 A) The applied voltage signal (chamnel 1) the voltage across the 1 nF capacitor (channel 2}
and B) the Lissajous figure of DBDJ the plasma dissipated power at 0.27 watt.
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Figure I The emission spectra of the plasma dissipated power at 0.30 watt.
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Figure 3 The relative of the RONS mtensity and the plasma dissipated power.

The reactive oxygen and nitrogen species (FONS) play an important role in bactericidal [7].
These radicals and electrostatic force of 1ons break down bacteria cell, DNA damage and charge
accumulated leading to cell lysis. The mamn bactericidal are RONS that could kill bactena [8, 9]
The OES spectrum of DBDJ found the peak of NO at 297.61 nm, OH at 308.99 nm, N, at 337.54
nm and He at 706.54 nm as shown in Fig. 2. The NO lines are primarnly from the NO A-X (v) in
the ultraviolet region at wavelength 200 to 300 nm but mtensity very low. The Nz C-B o positive
system at 33427 nm) and N™, B-X (1% negative system at 406 24 nm) are observed between
wavelength 300 to 450 nm because the excitahon processes like the electron impact excitation from
the ground state N2 (X1E g+) and the first metastable state N2 (A3E ut) and pocling reaction [7].
Also found OH at 30899 nm and He at 706.54 nm_ The Fig. 3 shows that when increasing the
plasma dissipated power from 027 fo 0.30 watt the mtensity of RONS was mcreased. The
increasing of NO intensity i1s sigmificant but meffective for the intensity of OH. The Os
concentration were increased with the plasma dissipated power. The same trends were observed
with sigmificantly higher concentration of NO was show m the Fig. 4. However, the operational
condition the O3 concentration was in the safety regulations of medical devices.
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Figure 4 The relative between concentration of NO and O3 and the plasma dissipated power.

The bactericidal efficiency of DBDJ can be chserved in Fig. 5-8. The inactivation areas were
clearly increased with the plasma dissipated power and treatment time_ At a short exposure time, the
inactivation areas were limited only the head zone area. While the longer exposure times, the clear
zones were larger and diffused to the neighbor area. It is mamly with the OH and Q5 density.
However, the killing zones expanded to cover the neighbor area that related with the long-life time
of O; and lugh NO concentration in the superoxide ambient area. There was could be mvelved m an
increased nitroxidative stress which was leading to the formation of highly reactive radicals and
oxidative species. ENS induces mitne oxide and mitne acid mfluences bactencidal [10, 11]
Acidified nitrite has a strong antimicrobial ability on bacteria cell leading to cell death. The CAPPs
treatment prompts the acidic conditions and accumulation of nitrite and hydrogen peroxide
Consequently these factors are the main caunse for CAPPs to induced toxic effects on bacteria cell
[10].

Figure 5 The efficiency bactenicidal & aureus of DEDJ, the plasma dissipated power at 0.27 watt
and treatment time 15 to 60 5 (a, b, c and d), the plasma dissipated power at 0.50 watt and treatment
time 15 to 60 5 (e, £ gand h).
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Figure 6 The percentage efficiency of bactencidal 5. aureus by DBDJ.

Figure 7 The ePﬁciel:ractericida.l P. aeruginosa of DBDIJ, the plasma dissipated power at 0.27
watt and treatment time 15 to 60 s (a, b, c and d}, the plasma dissipated power at 0.50 watt and
treatment time 15 to 60 3 (e, f g and h).
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Figure 8 The percentage efficiency of bactenicidal P. aeruginosa by DBDI.
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Figure 9 The percentage efficiency of bactericidal 5. aurens and P. aeruginosa by DBDJ the
plasma dissipated power at 0.27 and (.50 watt, treatment time 15 to 60 s.

Companng the bactenial efficiency of 5. aurens and P. asruginosa are shows m Fig. 9. It was
found that the P. aeruginosa have a higher bactericidal efficiency than 5. aurens under the same
condition. Because of the main difference of the cell wall structure of bacteria. The outer structure
of 5. aureus cell wall is the multi layers of peptidoglyean which is the stronger bonding than the P.
aeruginosa cell wall. P. aeruginesa cell wall consists of phospholipids and lipopelysacchandes,
there are have an mfluence of the peolanty. Destruction of peptidoglycan through external stresses
will lead to cell lysis. Therefore, the different thickness of cell wall between two group of bactena,
the outer membrane of gram-negative as well as cell appendices of gram-positive bacteria play an
important role for bactericidal in DBDJ [2, 12]. The inactivation of CAPPs to bacterial well-know is
peroxidation of lipids [13] and membrane lipids are the most vulnerable to physical stresses because
the position is outside of the cell envelope and it is sensitive to FEONS. Furthermore, the charged
particles in plasma played an important rele for bactenicidal with the mupture of bactena cells wall
[14, 15]. When the charge particles accumulated on outer surface of the membrane being more than
the tensile strength of the membrane lead to cell rupture by electrostatic force [16]. If no foree
exists, the repulsive force will only impact on the charges and little damage to the cell membrane.
The electnc field generated between charge particles have non-uniformity. When time of charge
accumulate the transmembrane potential increases. On the other hand, the ions generated in the
CAFPPs cannot get through the cell membrane. Hence, charge accumulation is still execution. If the
intensity of electric field generated form charge particles strong enough it could change the three
dimensional of the proteins structure, separate out the cell membrane and be forceless. Thus, the
charge particles forming CAPPs have ability and destroy the proteins and enzymes activity into the
cell. Most likely the cytoplasm will leaks out the cell through these holes, which is the reason
leading the cell death why the cell dies [9, 13]

Conclnzsions

The DBDJ have a high efficiency on bactencidal both of 5. aurens and P. aeruginosa at 20 kHz,
plasma dissipated power 0.41 to 0.50 watt and treatment time 45 to 60 5. All the death of bactenia
was increased with plasma dissipated power and treatment time_ The lager clear zones affected by
RONS and charge particles. Electrostatic force of ions in plasma play an important role for
bactericidal leading to cell lysis. Moreover, the difference of cell wall structure between gram-
positive and gram-negative bacteria leading to difference sensitivity by DEDJ. Hence, the DBD]
have a high bactericidal efficiency and assist in wound healing.
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Abstract

The dislectric bamier discharge plasma jet (DBDT) was used
to smdy the effect of plasma radicals om 5 aurens, P
aerugimasa, biofilm snd Primary Human Dermal Fibroblasts
adult (HDFa) cells. The He plasma was generated by high
woltmge do pulse. Flasma radical species were obverved. The
Iy, WO, He and OH radical groups were found. The intensity
of radical in plasma depends on the repetition rate applied by
the plasma systemn. Afier meamment with plasma at 050 wan
and exposure time at §0 s, the resnlt showed that it was the
best condition for killing bacteria up to 100%. Therefore, this
condition was chose to study the effect of plasma on biofilm
and HDFa cells. The result showed that DBDT had high
efficiency to removed biofilm. After plasma freatment the
shape of HDFa cells was unchanged. The results of Mnse
Count & Visbility Assay Kit and Muse Annexin V & Dead
Cell Aszay Eit showed plasma had slightly effect on HDFa
cell wiability. Therefore, the DBDT has a high efficiency to
kill bacteria, destroy biofilm and aszist in conmminated
wound healing without damage to skin cells.

Keywords: Dielectric Barrier Discharge Plasma Jet; Humsn
Dermal Fibroblasts adult cells; Bactencidal; Wound
Healing; Bacterizl Biofilms

1. Introduction

Bacteria is the main cause of illnesses, wound infections,
chronic wound etc. These are causing public health concerns
In postsurgical patients. The 5 gureur, P. aauginosa snd
methicillin-resistant Staphiylecocois aureus (MBS A) are the
most commonly identified bacterimm in wounds [1].
Physical techniques were recruited to stop growing
antibiptic-resistant bacteria. One of those physical
techniques iz cold stmospheric pressure plasma (CAPF)
CAPP can be operated at body temperamre without amy
electrical and chemical harm snd it was reported to have an
efficiency gamst 2 wide range of pathogens such as fungi
wineses and bacteria including MBES5A. CAPP has become &
rapidly developing inferdisciplinary field that brings a new

mnovative spproach im a bread range of biomedical
applications [2]. Vardous of plasma factors inchoding
temperature, charged particle, 1on and radical species can be
manipulated to fine a suitable condition. In this smdy, DEDJ
was used to generate plasma and effects of plasma radicals
on Smreus, P. aeruginoza, biofilm and HDFa were
mvesigated.

1. Experimental Procedure

The DEDJ plasma device operated in a pure He mode,
described elsewhere [3). The emission spectum of this
DBDT was obtained by broadband CCD specrometer (Fiber
Cptic SpecTometer: AvaSpec-2048). The high voltage
wavefonn was determined wusing a2 high-voliage probe
(Tekiromix, PGO15A). The plasms dissipated power was
estimated by Lissajons fizure [4], where the discharge
charge was estimated from the voltage across the 1 oF
capacitor measurad by a HV probe (Hantek T3100). Tha MO
and 0 concentration were measured using the two gas
detectors  (Shenzhen TYusnTe Techmology): modsl
SEY2000-10 and SEKY2000-0;.

Preparation of 5. anrens and P. aeruginosa

Bactericidal efficiency was observed by Colony Forming
unit {CFU) method . Samples of TISTE 2320 5. gurens and
TISTE. 2370 P. aerugmosa were obtained from Thailand
Instimte of Scientific and Technological Research (TISTR).
The 5. aurens and P. geruginess were growm in 5 ml nutrient
broth (MB). The zrown bacteria was spread onto nuirient agar
plates (MA). The DEDT plasma operated at plasma dissipated
0.27 to 0.50 watt and exposure time 15 to 60 5.

Preparation of Biofilms

The bacterial biofilms both of 5. aurens and P
aeruginasa were prepared in ME and then moved to 12-well
plate at 1 mlwell on the coverslip glass. The bacteriz
samples were incubated for 48 hr. After that plasma
exposure on bacteria samples was camied out af plasma
dissipated 0.50 watt and exposure ime 60 5. Live/Dead assay
method with double stain Hoechst 33342 and Propidium
todide (PI) was nsed Bactericidal perfomance of the studied
plasma was observed under flucrescence microscope.
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Freparation of HDFa

Humsn Trermal Fibroblasts, adult (HDFa) Cat. no. C-013-
5C was purchased from Cascade Biologics™ invitrogen cell
culture (GIBCO invitrogen cell culmre). Effect of DBDT on
HDFa cells was also smdied using LiveDead assay method.
In additton, Muse Cell Analyzer with the Muse Count &
Vizbility Assay Kit and Muse Annexin V' & Dead Cell Assay
Eit was utilized to find survivalability. Ons-way ANOVA in
F-program xd4 ver 3.5.1 with R-5mdio ver. 1.1.456 was used
for data interpretation. Post hoc multiple comparison test
(Tukey method) was applied ar 99% confidence lavel
(o=0.01) [5]-

3. Results and Discussion

Flasma properties

The reactive oxygen and nirogen species (FLONSE)
played an important role in bactericidal [10]. These radicals
and electrostatic force of ions break down bacteria call DIA
damage and charge scmummulated leading to cell lysis. The
main bactericidal was FOMNS that conld kill bacteria [11,12].
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Figure 1 The emission spectra of the plasma dissipated
power at 050 watt.
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Figure 3 The relagve betareen MO and O concentration and
the plasma dissipated power.

The QES specoum of DBDT is presented in Fig. 1. It is
found the strongest peak of MO at 297 61 nm, OH at 308.90
mm, M3 at 33754 nom and He at 706.54 nm. Fig. 2, intensity
of M, shows a steady increase with intensity with the plasma
dizsipated power, while intensity of OH and MO presents a
slight increase when the plasma dissipated power increase.

Regarding WO, as seen in Fig. 3, NO concenfration
exhibits 3 remarkable increase with the plasma power, which
iz incresed from 1 ppm at 0.25 watt to 5 ppm at 0.5 watt
Whereas, O concentration shows an infinitesimal valoe less
than 0.5 ppm. In biomedical applications, concentration of
0y and WO shonld not be higher than 8 br TWA 0.1 ppm [§]
and TWA 25 ppm [7). respectively, otherwise it could
adversely affect the respiratory system.

Bactericidal efficiency

Evwzluation of antibacterial activity of DBDT to 5. aurews
15 shown in Fig. 4. It is observed that there is no bacteria
inhibition zone in Fig 4a and 4b, indicating that DBDJ with
plasma dissipated power at 3.27 watt and tims of axposure
of 15-30 5 does not exhibit bactericidal manner. Howevar, as
seen in Fig. 4c-4h, the bacteria imbhibition zone becomes
wistble and increases with plasma dizsipated power and time
of exposure. This reveals that DED] were potentially
effective in suppressing micrebial zrowth when plasms
dizsipated power and time of sxposure was increased. This
finding is consistent with bactericidal efficiency which was
evaluated by CFU method (Fig. 5). It is seen that bactericidal
efficiency increases with both plasma dissipated power and
time of exposure.

Figure 4 The 3. qureus bactericidal efficiency of DEDI, the
plasma dissipated power at 0.27 watt and exposure ime 15
to &0 s (a, b, c and d), the plasma dissipated power at 0.50
watt and exposure time 15 to 60 s (g, £ g and h).
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Figmre 5 The percentage of 5. qurens bactericidal efficiency
by DEDJ.

Bactericidal effect of DBDT on P. aeruginasa is
presented in Fig. § and 7. Similar to 5. qureus results, plasma
from DBDJ can canse apoptosis of P, aeruginosa and
bactericidal performance increasss with plasma dissipated
power and tme of exposure. It is found that bactericidal
effact of DBDT oo P. agrugimosa shows more efectve than
that om 5. gsurens. The difference in anfibacteria actvity of
DEDT oo both bacteria could be cansed by the difference in
the cell wall stracmre. The outer stracture of 5. aurens call
wall is mmlti layers of peptidoglycan which has smomger
bonding than P. awruginoss outmost cell wall of which
comsists  of phospholipids and lLpopolysaccharides.
Destruction of peptidoglycan through extemal siresses will
lead to cell Iysis [3, 8]

Fizure § The P. aeruginosa bactencidal eficiency of DBDT,
the plasma dissipated power at .27 watt and exposure ime
15 to 6 = (3, b, c and d), the plasma dissipated power at 0.50
watt and exposure time 15 to 60 s (e, £ g and h).

ol b ericidal (%)

Hifiziency

Fignre 7 The percemtage of P. aeruginosa bactericidal
efficiency by DEDT.

Effect of DEDJ on Bacterial Biofilms

DEDT plasma operated at 0.5 watt and exposure time 1
min have high ability to eradicate bacteria as show in Fig. 4-

123

7, the Fig. 8 show the fluorescent image. The result has
shown this condition have high enough fo eradicate bacterial
and destroy bactenal biofilm [10] both of 5. aureus and P.
QETLEINOSI.

Figure 8 Bacterial biofilms of 5. aurews and P aerugimosa
by LiveDead assay with double stain Hoechst 33342 and
Propidinm iodide (PT). Control sample 5. qurens {2 b and )
and P. aeruginosa (g, b and 1). Plasma power at 0.5 watt and
exposure fime 1 min for removed bacterial biofilm 5. qurews
(d, e and f) and P. aeruginoca (j, k and I).

Furthermore, the charged particles in plasma played an
mportant role for bactericidal with the mupture of bacteria
calls wall [11, 12). When the charge particles acoomulated
on outer surface of the membrane being more than the tensile
sirensth of the membrane lead to cell rupiure by electrostatic
force [13]. CAPPs has the ability to destroy the proteins and
enrymes activity inte the cell. Most likely the cytoplasm will
leaks ot the cell through these holas, which was the reazon
leading the cell death why the cell dies [12, 14].

Crtotoxicity of HDFa Cell:

Fiz 9 show the flnorescent image of HOFa cells. After
meated HDFa cell with DEDT plasma dissipated power at 0.5
watt and exposure time 1 min, the Fig 9j to 91 show the
plasma was not damage 1o the cells

Figure 9 HDFa cells by LiveDead assay with Hoechst
33342 and Propidium jodide (PI). Mezative control as 10%:
FBS+DMEM (3, b and ¢}, positve contrel as 50% DAS0
+DMEM (4, e and f), reatment control a3 He gas blow {2, b
and k) and plasma meated at 0.5 watt in 1 min (j, k snd [)

13 P Poramapijitwat @r al E-proceedings: ICREM 2018 Conference, Chiang Mai. Thailand. pp. 10-14.



The viability percentage of HDFa cells - negative control,
positive control and treatment control show mn Fig. 104 The
result shows that HDF a cells was not dead-induced by DEDT
with plasma dissipated power at 0.5 wan and exposure time
1 min. Fig. 10B statistical analysis of cell viability
percentage. The result has shown this condition has a high
ability to eradicate bacterizl and destroy bacterizl biofilms
without effect to the viability percentage of HDFa cells. The
total apoptosis percentage of HDFa cells shows in Fig. 11.
Accordingly, the apoptosis profile could distimgmish 4 cell
populations by this method: Live cells; early apoptotic cells;
late apoptotic/dead cells; and necrotic cells. Fig 114
presents DEDT with plasma dissipated power at 0.3 W and
exposure time at 1* min incressing the total apoptosis
percentage of HDFa cells slightly but this is not siznificant
after used statistical analysis (see Fig. 11B). The result
shows DBDT plasms was not induced spoptosis and leading
cell to death when compared with negative control and
treatment control. In positive comfrol was used DMEM
+10% DMS0 2 br for indoced cells to apoptosis and dead
calls.

The result from LiveDwead assay, Muse Count &
Visbility Assay and Muose Anvexin V & Dead Cell Assay
shown in the same direction is DEDT without side effect to
wiability cell and not inducing apoptosis leading cell to death
cell of HDFa cell shown in Fig. 9-11.

Figure 10 A_Fepresentative figures from flow cytometry of
HDFa cells with negative confrol, reatment control, plasma
dissipated power at 0.5 watn with exposure tme 1 min and
positive contrel. B. Cuantitative analysis of percentage cell
wiability from flow cytommetry. Data are means of 3 replicates
and expressed as means = S0 ** indicates P=10.01.

A
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Figure 11 A_Fepresentative figures from flow cytomeiry of
HDFa cells with negative confrol, reatment control, plasma
dissipated power at 05 watt with exposure time 1 min and
positive control. B, Quantitative analysis of percentage total
apoptosis from flow cytometry. Data are mesns of 3
replicates and expressad as means = 50 ** indicates P=10.01.

4. Summary

The DBDT have a high bactericidal efficiency to 5
aurens and P. aeruginesa at plasma dissipated power 0.41 to
050 watt and exposure time 435 to 60 s. The bacteria
mhibition zone affected by ROMS and charge particles.
Elecirestatic force of ions in plasma played an important role
for bactericidal leading to cell lysizs. The difference of cell
wall stoacrure bacteria leading to  difference DEDT
sensitivity. DBDT with plasma dissipated power at 0.5 watt
and exposure time 1 min have high potential to killed
bacteria, eliminate bacterial biofilms by without damage or
side affect to cell viability, apoptosis and death of HDFa
cells in vifre is essential for clinical use [5] which it have a
high bactericidal efficiency and assist in wound healing.
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